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ABSTRACT 
MULTI STIMULI-RESPONSIVE COPOLYMERS OBTAINED FROM 
COLLOIDAL DISPERSIONS 
by Fang Liu 
May 2010 
This dissertation describes the design, synthesis, and development of multi 
stimuli-responsive random copolymers that exhibit collective responsiveness to 
temperature, pH or electromagnetic radiation. New colloidal particles of poly(N-(DL)-(1-
Hydroxyymethyl) propylmethacrylamide/n-butyl acrylate) (p(DL-HMPMA/nBA) and 
poly(2-(N,N′-dimethylamino)ethyl methacrylate/n-butyl acrylate) (p(DMAEMA/nBA)) 
were synthesized, which upon coalesce to form solid continuous films. The presence of 
lower glass transition (Tg) nBA components not only facilitate film formation, but also 
provide sufficient free volume for polymer chain rearrangements. These studies showed 
that coalesced films exhibit 3D dimensional changes upon external stimuli, which are 
attributed to the collapse and conformational changes of stimuli-responsive components 
as well as buckling of copolymer backbones.  
Incorporation of N,N′-(dimethylamino)azobenzene acrylamide (DMAAZOAm) in 
DMAEMA/nBA generates films with cilia-like features. While film morphological 
features allow the formation of wavy whiskers, variable chemical composition of the 
copolymer facilitates chemical, thermal, and electromagnetic responses manifested by 
simultaneous shape and color changes as well as excitation wavelength dependent 
fluorescence. These studies demonstrated for the first time that synthetically produced 
polymeric films can exhibit combined thermal, chemical, and electromagnetic sensing 
 iii 
resulting in loco-motions and color responses which may find numerous applications in 
sensing devices and intelligent actuators. 
During the course of these studies, new thermal relaxations in solid stimuli-
responsive copolymer films were also discovered by differential scanning calorimetry 
(DSC). In addition to the Tg, a new composition-sensitive endothermic stimuli-responsive 
transition (TSR) was observed, which follows the empirical relationship: 1/TSR = w1/Tbinary 
+ w2/T, where TSR is the temperature of the stimuli-responsive transition, Tbinary is the 
temperature of stimuli-responsive homopolymer in a binary polymer-water equilibrium, 
w1 and w2 are weight fractions of each component, and T is the film formation 
temperature. This relationship allows predicting TSR transitions in stimuli-responsive 
solid copolymers. The TSR transitions in dual-responsive copolymers depend on 
synergistic effects of temperature and pH, where temperature changes activate molecular 
rearrangements, and pH induces inter/intra hydrogen-bonding. These studies also showed 
that regardless of the copolymer compositions, the primary requirement to achieve the 
TSR transitions in solid networks is TSR>Tg.  
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INTRODUCTION 
This dissertation is concerned with multi stimuli-responsive copolymers obtained 
from colloidal dispersions and consists of two parts: Part 1 (Chapters II-IV) outlines the 
temperature, pH and electromagnetic-responsiveness of copolymers in solution and solid 
states, and Part 2 (Chapters V-VII) focuses on the new thermal relaxations detected in 
solid stimuli-responsive copolymers, investigating the relationship between copolymer 
composition, film formation temperature, pH, glass transition temperature (Tg) and 
stimuli-responsive transition (TSR). 
Chapter I reviews recent advances, challenges, and opportunities in designing 
stimuli-responsive polymers, and examine the physico-chemical requirements necessary 
to achieve stimuli-responsiveness in heterogeneous polymer networks as well as discuss 
recent developments and future trends. While individual structural components of 
polymeric networks are responsible for localized chain-responsiveness, desirable spatial 
and energetic network properties are necessary for collective and orchestrated 
responsiveness to external or internal stimuli. While, these attributes are significantly 
different for stimuli-responsive polymeric solutions, surfaces and interfaces, polymeric 
gels, and solid networks, the main challenge is to maintain solid state functionalities 
while introducing stimuli-responsive components. 
Chapter II investigates 3D directional temperature responsive poly(N-(DL)-(1-
hydroxymethyl) propylmethacrylamide/n-butyl acrylate) p(DL-HMPMA/nBA) colloids 
and their films. The particle size analysis, along with UV-Vis and 
1
H NMR spectroscopic 
measurements showed that aqueous p(DL-HMPMA/nBA) particle dispersions exhibit 
second order lower critical solution temperature (II-LCST) in the 27-37 °C range at 
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which the particle size decreases from 81 to 47 nm. When p(DL-HMPMA/nBA) colloidal 
particles were coalesced to form films, which is facilitated by the lower Tg nBA 
component, coalesced films exhibit 3D directional responsiveness to temperature. While 
shrinkage occurs in x-y directions (length and width, respectively), expansion in the z 
direction (thickness) above TSR is observed. Thermodynamics molecular simulations 
combined with the experimental data showed that conformational changes of the side 
chains and the collapse of p(DL-HMPMA/nBA) copolymer backbone are responsible for 
directional temperature-responsiveness. To our best knowledge, this is the first study that 
shows selective 3D directional temperature-responsiveness of polymer films.  
Chapter III describes dual temperature and pH responsiveness of poly(2-(N,N′-
dimethylamino)ethyl methacrylate/n-butyl acrylate)  (p(DMAEMA/nBA) colloidal 
dispersions and their films. The aqueous p(DMAEMA/nBA) colloidal dispersions exhibit 
II-LCST transitions in the 27-37 °C range manifested by the particle size decreases from 
148 to 80 nm. Upon pH changes from 2 to 10, the particle size changes from 205 to 139 
nm. When p(DMAEMA/nBA) colloidal particles were coalesce which was facilitated by 
the presence of nBA component, the films retained their dual-responsiveness and 
shrinkage in all the directions at T>TSR while expansions upon pH changes from basic to 
acidic. Thermodynamics molecular simulations combined with the spectroscopic analysis 
showed that the temperature-responsive behavior results from the collapse of the 
(dimethylamino)ethyl groups and twisting/buckling of the copolymer backbone, while the 
pH-responsiveness is attributed to the protonation/deprotonation of amine functional 
groups. Molecular simulations also show that the total volume (V) above TSR decreases 
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by 21.6%, whereas a 13.2 % increase occurs at the protonation state, which is in good 
agreement with the experiments data. 
Chapter IV illustrates the synthesis of poly(2-(N,N′-dimethylamino)ethyl 
methacrylate/n-butyl acrylate/N,N′-(dimethylamino)azobenzene acrylamide) 
(p(DMAEMA/nBA/ DMAAZOAm) copolymers prepared using colloidal synthesis 
which, upon coalescence, form films capable of generating surfaces with cilia-like 
features. While film morphological features allow the formation of wavy whiskers, the 
chemical composition of the copolymer facilitates chemical, thermal, and 
electromagnetic responses manifested by simultaneous shape and color changes as well 
as excitation wavelength dependent fluorescence. These studies will demonstrate that 
synthetically produced polymeric films can exhibit combined thermal, chemical, and 
electromagnetic sensing leading to locomotive and color responses which may find 
numerous applications in sensing devices, intelligent actuators, defensive mechanisms, 
and others. 
Chapter V reports new thermal relaxations in stimuli-responsive solid phase 
copolymers detected by differential scanning calorimetry (DSC) and dynamic mechanical 
analysis (DMA). When DMAEMA and nBA monomers were copolymerized into 
colloidal dispersions and allowed to coalesce to form solid continuous films, in addition 
to the Tg which follows the Fox equation for random copolymers, new composition 
sensitive TSR transition was observed. The TSR transition changes with the composition of 
stimuli-responsive component of the copolymer, film formation temperature, and the rate 
of temperature changes. Based on the experimental data, the following relationship was 
established: 1/TSR = w1/Tbinary + w2/T, where TSR is the temperature of the stimuli-
4 
 
responsive transition, Tbinary is the temperature of stimuli-responsive homopolymer in a 
binary polymer-water equilibrium, w1 and w2 are weight fractions of each component of 
the copolymer, and T is the film formation temperature. This relationship allows us to 
predict TSR transitions in stimuli-responsive solid copolymers. The enthalpic (ΔH) 
components of the Tg and TSR transitions determined from DSC measurements are 122 
kcal/mol for the Tg and 199 kcal/mol for the TSR, which are part of the total energy ΔEtot 
of the system. The calculated values of the ΔEtot obtained using computer modeling 
simulations (168 kcal/mol for the Tg and 223 kcal/mol for the TSR, respectively) are in 
good agreement with the experimental data and the energy difference is attributed to the 
inclusion of the entropic components in ΔEtot calculations. 
Chapter VI illustrates the synergistic temperature and pH effects on TSR in 
poly(N-acrylol-N′-propylpiperazine/2-ethoxyethyl methacrylate) (p(AcrNPP/EEMA)). 
Two compositional-dependent endothermic transitions Tg and TSR were observed in these 
films, which obey the following relationship: 1/TSR=(Tg1×Tg2×(Tbinary-T))/(Tbinary×T× 
(Tg1-Tg2)×Tg)+(Tg1×T-Tbinary×Tg2)/(Tbianry×T×(Tg1-Tg2)), where TSR is the stimuli-
responsive transition temperature, Tg is the glass transition temperature of the copolymer; 
Tbinary is the temperature of stimuli-responsive homopolymer in a binary polymer-water 
equilibrium, Tg1 and Tg2 are the glass transition temperatures of stimuli-responsive and 
non-stimuli-responsive homopolymers, and T is the film formation temperature. 
Spectroscopic and DSC measurements showed that temperature induced dipole-dipole 
interactions are responsible for the molecular changes at the TSR under unprotonated 
conditions, while the shift of the TSR at protonated states are attributed to the synergistic 
pH and temperature effects, inducing H-bonding and conformational changes. Computer 
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simulations also showed the buckling of the copolymer backbone and collapse of 
propylpiperazine groups occur above TSR, and the predicted total energy (ΔEtotal) of the 
TSR transitions for the copolymer in protonated and non-protonated states are 159 and 
132 kcal/mol, respectively, which are in good agreement with the DSC measurements. 
Chapter VII elucidates the origin of the stimuli-responsive (TSR) transitions and 
correlates it to the glass transition temperature (Tg) in random stimuli-responsive 
copolymer films. New poly(N-vinylcaprolactam/n-butyl acrylate) (p(VCl/nBA)), poly(N-
isopropylmethacrylamide/n-butyl acrylate) (p(NIPMAm/nBA)), p(AcrNPP/EEMA), and 
p(DMAEMA/nBA) colloidal dispersions were synthesized which upon coalesce form 
solid stimuli-responsive films. These studies have shown that molecular rearrangements 
responsible for the TSR transitions are attributed to the backbone buckling and collapse of 
stimuli-responsive components. Based on empirical data, the relationship between Tg and 
TSR was established: log(V1/V2) = (P1×(TSR-Tg))/(P2+(TSR-Tg)), where the V1 and V2 are 
the copolymer total volume below and above TSR, respectively, Tg is the glass transition 
temperature of the copolymer, TSR is the stimuli-responsive transition temperature, and P1 
and P2 are the fraction of the free volume (ƒfree) at Tg (P1), and (Tg midpoint-TSR)50/50) for 
each random copolymer with a 50/50 ratio (P2), respectively. This relationship can be 
utilized to predict the total volume changes as a function of TSR-Tg for different 
copolymer compositions. This is the first study that provides the relationship between the 
TSR, Tg, free volume, chain mobility and dimensional changes in stimuli-responsive 
random copolymer networks. 
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CHAPTER I 
RECENT ADVANCES AND CHALLENGES IN DESIGNING                        
STIMULI-RESPONSIVE POLYMERS 
Introduction 
Although Mother Nature provides many inspirations for designing and developing 
of new materials, creating synthetic systems capable of responding to stimuli in a 
controllable and predictable fashion represent significant challenges. Particular 
challenges lie in mimicking of biological systems where structural and compositional 
gradients at various length scales are necessary for orchestrated and orderly responsive 
behaviors. To tackle these challenges several stimuli-responsive systems have been 
developed, with the majority of studies dealing with polymeric solutions, gels, surfaces 
and interfaces, and to some extent, polymeric solids. These states of matter impose a 
different degree of restrictions on the mobility of polymeric segments or chains, thus 
making dimensional responsiveness easier attainable for the systems with a higher 
solvent content and minimal energy inputs. Significantly greater challenges exist when 
designing chemically or physically cross-linked gels and solid polymeric networks that 
require maintaining their mechanical integrity. Restricted mobility within the network 
results from significant spatial limitations, thus imposing limits on obtaining stimuli-
responsiveness. The challenge in designing these stimuli-responsive polymeric systems is 
to create networks capable of inducing minute molecular, yet orchestrated changes that 
lead to significant physico-chemical responses upon external or internal stimuli.  
To illustrate spatial restrictions of mobility in x, y, and z directions in solutions, at 
surfaces and interfaces, in gels, and in solids, Figure 1.1 depicts a schematic diagram of 
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the four states and relative dimensional restrictions within each state. While going from a 
solution phase to surfaces and interfaces, or gels to solid state phases, segmental 
mobilities of polymer chains decrease due to significant spatial restrictions manifested by 
smaller displacement vectors in x, y, and z directions. Consequently, energetic 
requirements for responses to temperature, mechanical, electro-magnetic irradiation, or 
electrochemical, pH, ionic strength, or bioactive species will be different for each 
physical state.
1
 The examples of responses are depicted in Figure 1.1 and are classified 
into physical and chemical categories, where multiple stimuli may result in one or more 
responses, or one stimulus may result in more than one response. Since spatial 
restrictions also dictate energetic requirements, the next section will discuss these 
relationships.  
Energetic Requirements for Stimuli-Responsiveness 
To illustrate energy relationships in the context of stimuli-responsiveness for a 
given state, Figure 1.2 depicts a series of equilibrium energy diagrams as well as the 
relative stimuli energy input as a function of response for each state. While each diagram 
will be discussed separately in the context of a given state, the main features are the 
magnitude of the energy required to undergo transitions from one state to another, while 
maintaining chemical/physical integrity of a given state. For materials to exhibit stimuli 
responsiveness it is desirable to maintain the state at the equilibrium energy (ΔEeq) in 
order to preserve the functionality of the network and, at the same time, create an 
architecture that will require significantly lesser amounts of energy (ΔESR) for a system to 
undergo stimuli-responsive transitions. The latter can be represented by two usually 
smaller meta-stable energy minima. Transitions between these minima will represent the 
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energy required for a system to go from one state to another. Examples of such transitions 
are molecular cis-trans rearrangements or other conformational changes, hydrogen-
bonding induced rearrangements, aggregation-dissociation, penetration-separation, order-
disorder transitions, or protonation-deprotonation. These lower energy transitions may or 
may not be reversible, and their energy requirements depend on initial physical and 
chemical states. The main challenge though is to obtain responsiveness at longer length 
scales while maintaining mechanical integrity of the network. 
Stimuli-Responsive Solutions 
Stimuli-responsive behavior is easily obtained in polymeric solutions as the 
Brownian motion of solvent molecules requires relatively low energies for 
macromolecular segments to displace solvent molecules. For an ideal system, the kinetic 
energy required for the Brownian motion at room temperature is 1.5kBT (where the kB is 
Boltzman constant (1.38×10
-23 
J/K), and T is the temperature).
2, 3
 To illustrate stimuli-
responsive transitions in solutions, Figure 1.2.1 depicts two energy minima, A and B, 
where in order for a given polymeric solution to undergo from the energy state A to B, a 
certain amount of energy ΔESR (solution) is required. One example of these transitions in 
polymeric solutions is lower critical solution temperature (LCST),
4
 which is the lowest 
temperature of phase separation on the concentration-temperature phase diagrams. Below 
LCST, polymer chains and solvent molecules are in one homogenous mixing phase, and 
exhibit favorable free energy (ΔG<0), which is believed to be facilitated by hydrogen 
bonding interactions between the two phases. Above LCST, a phase separation occurs as 
enthalpic (ΔH) energy overcomes the entropic (ΔS) contributions resulting in unfavorable 
free energy (ΔG>0) of the entire system. For the majority of polymeric solutions,5-10 
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temperature induced LCST transitions result in the particle or aggregate size decrease 
above LCST, and the reported size changes are substantial, typically in the range from 
250 to 3000 nm below LCST, to 100 to 1000 nm above. For polymeric solutions that 
exhibit LCST behavior, the relationship between the solution equilibrium energy (z axis), 
the stimulus energy input (x axis), and physical/chemical response (y axis) is depicted in 
Figure 1.2.1. Initially, the system is in the equilibrium energy state A, and as a result of 
the stimulus energy input, such as temperature A'→B', the system undergoes transition to 
the equilibrium state B. As a consequence, the system will go from the physical state A" 
below LCST to a new state B" above LCST, manifested by the physical response in a 
form of collapse of the particles or aggregate size changes. 
Energetic rearrangements are driven by molecular entities capable of 
responsiveness to stimuli in a given environment. For polymeric solutions to exhibit 
stimuli-responsiveness, it is necessary to provide suitable molecular building blocks 
capable of responses. Figure 1.3.1, A and B, illustrates several examples of temperature 
and pH responsive monomeric blocks which, upon polymerization maintain stimuli-
responsiveness. A well known polymer with the LCST behavior is poly(N-
isopropylacrylamide) (PNIPAAm)
5-7
 which exhibits coil-to-globule phase transition at 
32 °C. Poly(N-vinylcaprolactone) (PVCl),
8-10
 poly(N-(DL)-(1-hydroxymethyl) 
propylmethacrylamide) (P(DL)-HMPMA),
11, 12
 and poly(N,N′-diethylacrylamide) 
(PDEAAm)
13
 are also temperature-responsive, and their LCSTs are about 35, 37, 33 °C, 
respectively. Thus, molecular designs of a polymer backbone allow one to control 
temperature at which a given system is responsive. It is well established that the LCST 
phase transition is a nanometer scale event, where the particle or aggregate dimensions 
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change.
14
 However,  for individual polymer chains, the coil-to-globule transitions can be 
thermodynamically controlled by adjusting polymer compositions,
15
 as determined by 
atomic force microscopy (AFM). When copolymerized with hydrophilic or hydrophobic 
comonomers, LCST transitions may shift to higher or lower temperatures, respectively. 
Block copolymers of poly(ethylene oxide)-block-poly(propylene oxide) (PEO-b-PPO) 
also exhibit thermal responses in solutions,
16
 but it is believed that the driving forces for 
these transitions originate from amphiphilic balance. 
The pH-responsive polymer solutions represent another group,
17-27
 in which 
chemical structures of pH-responsive compounds have ionizable functional groups 
capable of donating or accepting protons upon environmental pH changes. In this case, 
electrostatic repulsions between generated charges cause alternations of the hydrophobic 
volume along a polymer chain, which is capable of extending or collapsing. Polyacids, 
such as poly(acrylic acid) (PAAc),
17-19
 and poly(methacrylic acid) (PMAAc)
20, 21
 with 
pKa values in the range of 5 will release protons and swell under basic pH values. In 
contrast, pH-responsive polybases accept protons and extend under acidic pH conditions, 
where amino and amine functional groups in poly(2-(N,N′-dimethylamino)ethyl 
methacrylate) (PDMAEMA)
22-24
 and poly(vinyl pyridine) (PVP),
25-27
 respectively, are 
responsible for these transitions. One of the common trends in designing stimuli-
responsive polymers is to copolymerize monomers with different stimuli-responsiveness 
in order to achieve multiple-responsive behavior. 
Incorporation of photo-chromic molecules provides opportunity to develop 
polymers capable of responding to electromagnetic radiation. Figure 1.3.2 illustrates most 
common photosensitive molecules, which are classified into the following categories: cis-
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trans isomers (A), ionization monomers (B), and dimerization monomers (C). As shown 
in Figure 1.3.2, A, photo-responsive azobenzene is a molecule that exhibits trans-to-cis 
photoisomerization with sufficiently low energy (2-3 kcal/mol) to induce photochromic 
transitions.
28
 The rearrangement mechanism for lecuo
29, 30
 and spiropyran
31-33
 derivatives 
shown in Figure 1.3.2, B is based on ionization upon exposure to electro-magnetic 
irradiation. When exposed to UV light, dissociated ion pairs are generated, which can be 
further neutralized when heated in the dark. As illustrated in Figure 1.3.2, B' and B", 
photo-induced polymer chains of lecuo and spiropyran derivatives shrink and expand, 
which is attributed to the reversible exchange of the electrostatic repulsion between ionic 
states. This process typically requires less than 5 kcal/mol.
34
 Figure 1.3.2, C illustrates 
another photo-reactive molecule cinnamate
35, 36
 which is able to dimerize upon UV 
irradiation with the energy barrier of about 7 kcal/mol.
37
 These molecular entities can be 
utilized as photoreversible covalently cross-linkers in polymers, thus offering potential 
applications as switching segments in shape memory systems
36
 and other devices.  
Liquid crystalline materials are stimuli-responsive polymers that have been 
known for a few decades. These are molecules with permanent dipole moments 
embedded in polymer matrices, which due to optical and geometrical anisotropies are 
able to respond to electromagnetic field by aligning their mean optic axis parallel to the 
external field,
38-40
 which results in orientation changes. As shown in Figure 1.3.3, A, 
liquid crystalline molecules are freely dispersed between the two electrodes with no 
electric field. When an electric field is applied, the molecules align along the electric field 
axis and the driving force for the alignment results from the electrostatic interactions. 
1.3.3, B summarizes selected examples of chemical entities capable of responsiveness, 
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and their common feature is the permanent dipole moment, in this case generated by 
electron-withdrawing groups nitrile (CN) and trifluoromethyl (CF3) groups.  
As pointed out earlier, a growing trend in designing stimuli-responsive polymeric 
solutions is toward creating systems with multiple-responsive components, with 
covalently or physically bonded segments responsive to different stimuli. One example of 
the multi-responsive switchable copolymer
33
 is based on temperature-responsive 
NIPAAm and pH- and photo-responsive spirobenzopyran which exhibits temperature, pH, 
and photo-responsiveness in aqueous solutions. Along the same lines, acrylic acid, 
NIPAAm, and cinnamoyloxyethyl acrylate have been copolymerized and exhibit four 
responses.
41
 The acrylic acid component responds to pH and ionic strength, while the 
NIPAAm and cinnamoyloxyethyl acrylate species exhibit temperature and UV responses, 
respectively. There are many opportunities
42-45
 for designing multiple-responsive 
polymeric solutions, in particular using colloidal synthesis where surfaces of colloidal 
particles may serve as protein or cell adhesion sites,
43, 44
 or stabilized with bioactive 
materials.
45
 Due to spatial restrictions significantly greater challenges exist in the 
development of multiple-responsive systems at surfaces and interfaces, in polymeric gels, 
and in thermoplastic and thermosetting polymeric networks. 
Stimuli-Responsive Surfaces and Interfaces 
As illustrated in Figure 1.1, the mobility of responsive chains on surfaces is 
restricted and depends on many factors. Due to the anchoring of one end of a polymeric 
segment to the surface, restricted freedom of the movement is “transmitted” along the 
chain. If we define the stimuli-responsive surface as a point of the anchored chain, the 
energy required for the segments further away from the anchoring point to respond is a 
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function of the distance from the surface. Figure 1.2.2 illustrates the relationship between 
the surface layer equilibrium energy (z axis), stimulus energy input (x axis), and a 
physical/chemical response to a stimulus (y axis). For segments which are close to the 
anchoring points of the surface, relatively higher energy (ΔESR (surface)) input will be 
required to undergo A to B transitions, because more space and free volume are available 
further away from the anchored point, thus providing energetically and spatially 
favorable rearrangement conditions. This is illustrated in Figure 1.2.2, A which depicts 
the magnitude changes between the energy minima A and B for segments close to the 
surfaces (anchored ends) and those further away (free ends). This will be also reflected in 
the Tg changes as a function of distance from the anchoring point at the surface. The first 
experimental evidence manifesting the importance of the Tg changes as a function of 
distance from the surface showed that the Tg values for 1000 nm thick 
poly(methylmethacrylate) (PMMA) films vary by as much as 20 K for the 25 nm thick 
layer at the free surface compared to the same layer in the bulk.
46
 Generally, stimuli-
responsiveness at polymeric surfaces is an entropy (ΔS) driven process,47 in which the 
disorder (mobility fluctuation) of anchored chains (ΔS) has greater contributions to the 
ΔG values than the conformational changes resulting from the enthalpic (ΔH) component 
of the free energy. Examples of this behavior are switching of surface wettability
48, 49
 
which involves transformation from one equilibrium state to another (A→B) in response 
to the external energy input (A'→B'), resulting in physical/chemical state changes from 
A" to B".  
The energy diagram for polymer interfaces is illustrated in Figure 1.2.2, B, which 
in principle depicts similar energetical behavior, but the presence of two anchor points 
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forming an interface will reduce chain mobility and consequently stimuli-responsiveness. 
The energy input required for the stimuli-responsive A→B transitions will be 
significantly greater than for the surfaces, and will be a function of molecular distance 
between the two surface anchoring points. This is schematically depicted in Figure 1.2.2, 
B. One of the challenges will be to design stimuli-responsive interfaces with various 
molecular structures at the interfacial regions that exhibit stimuli-responsiveness. While 
each chain of the interface must contain stimuli-responsive components, to achieve 
markable responses that can be “sensed” by both sides of the interfacial anchoring points, 
it will be also necessary to control the interfacial chain lengths, molecular weights, and 
chain stiffness. Thus, incorporating well defined responsive copolymers with desired 
polydispersity index (PDI) into the interfacial regions using the precision of RAFT and 
ATRP polymerizations will be essential. As shown in Figure 1.2.2, molecular weight of 
the interfacial chains will have a significant effect on responsiveness. Another scenario 
will be to control interfacial entities with higher PDI where the shorter chains are 
responsible for mechanical integrity of the interface whereas the longer chains will serve 
as stimuli-responsive components. 
Numerous stimuli-responsive surfaces and interfaces were developed by chemical 
grafting,
49-60
 which include grafting reversible swollen/collapsed polymers,
50, 57, 58
 binary 
brushes,
49, 52, 53
 block copolymers,
54, 55, 59, 60
 and photochromic segments.
56, 61
 Chemical 
attachments of responsive segments can be accomplished by “grafting-to” or “grafting-
from” surfaces. In the “grafting-to” approach, end-functionalized polymer chains react 
with the functional groups on the surface to form covalently bonded layers. Reversible 
addition–fragmentation chain transfer (RAFT) polymerization62 may serve as a suitable 
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synthetic route because polymer chains usually possess dithioester or trithiocarbonate end 
groups which can be utilized in further chemical reactions. Because RAFT is performed 
under mild conditions, many conventional monomers can be used which do not require 
the use of a catalyst, giving surfaces with well-defined structures, and the end-
functionalized polymer chains usually have a narrow molecular weight distribution, thus 
more homogenous grafting layers can be obtained. In the “grafting-from” synthesis, 
initiators are anchored at the surface which initiate the polymerization from the surface, 
and because monomers are able to easily penetrate through the grafted segments, high 
grafting density and thicker grafting layers (100 nm) can be achieved. Atom transfer 
radical addition polymerization (ATRP)
63
 is widely utilized in the “grafting-from” 
method due to the versatility of monomers, mild reaction conditions, and the ability to 
control polymer architectures. Both RAFT and ATRP will play a significant role in 
polymerization processes within confine spaces, and initial approaches have been 
demonstrated in synthetic efforts involving microfluidics.
64-66
 Due to the ability on 
controlling molecular structures, these synthetic paths should be further explored in 
producing stimuli-responsive interfaces in confined environments.  
Surfaces with reversible swollen/collapsed properties can be achieved by grafting 
responsive segments containing LCST, upper critical solution temperature (UCST), or 
critical pKa properties,
50, 57, 58
 which is illustrated in Figure 1.4, A. The collapsed densely 
compacted chains will introduce significant changes in surface morphologies, stiffness, 
and adhesion properties,
50
 allowing control of cell adhesion,
67-69
 protein absorption,
70
 and  
exhibit applications in tissue engineering.
71, 72
 Heterogeneous binary brushes can be also 
created by grafting two incompatible polymer chains onto the surface, and surface 
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chemistry along with morphologies are affected by the interplay of phase separation 
governed by solvent quality.
49, 52, 53
 As illustrated in Figure 1.4, B, in poor solvents lateral 
segregation of binary brushes is dominated, whereas in good solvents favorable polymer 
chains will stretch out to occupy the top surface layers. As the result, vertical phase 
segregation occurs which is governed by the polymer type and concentration levels. 
Recent developments
73, 74
 are focused on designing gradient binary brushes, in which 
temperature gradient on the substrate is transferred into the gradient of grafting density of 
the polystyrene and polyelectrolytes brushes.  
Figure 1.4, C illustrates grafted block copolymers in which stimuli-responsive 
phase segregation is also governed by polymer-solvent interactions. Surface properties of 
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) on PP substrates can be 
reversibly switched between hydrophobic to superhydrophobic attributes when 
responding to selective solvents (carbon disulfide and acetone).
60
 By controlling chemical 
attachment and composition, Y-shape amphiphilic block copolymers with incompatible 
arms are tailored to the surfaces, which could form variable nanoscale surface 
morphologies upon exposure to selective solvents.
54, 55, 59
 
Grafting photochromic segments creates an intriguing process to develop stimuli-
responsive surfaces. This is shown in Figure 1.4, D and the majority of studies focused on 
trans-cis isomerization of azobenzene chromopheres, where surface morphological 
changes can be controlled by electromagnetic irradiation due to higher polarity and 
hydrophilicity of the cis-isomer.
56
 A gradient of surface free energy can be generated by 
unsymmetrical photoirradiation, which causes the directional motion of liquid droplets 
over the surface.
61
 Spiropyrans have also been covalently attached to glass surfaces,
75-77
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and reversible surface polarity, hydrophilicity, and other properties can be achieved by 
photoinduced ionization when irradiated with UV and visible light. 
Although surface grafting is a promising method to create versatile surfaces, 
stimuli-responsiveness will be significantly affected by the grafting density. Since 
responsive properties require synergistic molecular reorgnizations, polymer chains can 
only extend/collapse in a restricted region when tightly grafted on the surfaces. For a low 
density monolayer, molecular chains can fold toward the surface when there is sufficient 
space between the individual molecules. Studies illustrated in Figure 1.5 took advantage 
of loosely packed (16-Mercapto) hexadecanoic acid (MHA) derivatives on the gold 
surfaces and illustrated for the first time the ability of switching between “straight” and 
“bent” conformations in response to the alternating electrical potentials.78 An effective 
method to control grafting density is by utilizing spacers, which can increase chain 
mobilities as well as distances between the surfaces and the anchoring site at the surface. 
This concept was also utilized to design antimicrobial surfaces, where the mobility of 
antibiotic species attached to the polyethylene glycol (PEG) spacer is the key component 
in designing antibacterial properties.
79-81
 As pointed out in Figure 1.2.2, the key 
responsive component is the free end of an anchored molecular chain and its freedom of 
movement along with other properties will determine stimuli-responsiveness. The 
situations will drastically change at the interfacial regions where the challenge will be to 
create stimuli-responsiveness between two anchoring points, such as shown in Figure 
1.2.2, B.  
Although the term layer-by-layer (LbL) has been coined in the last decade or so, 
the multi-dipping approach has been known for a number of years and efficiently utilized 
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by coatings and other industries. In a typical experiment, LbL process is accomplished by 
the absorption of alternating layers of the chemical species with opposite charges, 
hydrogen-bonding interactions, or combination of thereof. Figure 1.6, A illustrates the 
mechanism of adsorption that depends upon the electrostatic interactions between the 
layered molecules, and as one can anticipate, pH changes are essential to control surfaces 
reorganizations and morphologies, which was demonstrated in the study of poly(L-
lysine)-poly(L-glutamic acid) (PLL-PLGA) multilayers on glass substrates.
82
 Hydrogen-
bonding interactions illustrated in Figure 1.6, B are also responsible for inter-layer 
“adhesion”83, 84 and multilayers formed by PAA with hydrogen-bond donors and PVP 
with hydrogen-bond acceptors have shown surface morphology changes in response to 
external stimuli.
83
 Although the LbL deposition has shown several useful features, 
mechanical film integrity, inter-layer miscibility,
85
 as well as other long-term properties, 
in particular for biomedical and biological applications, may be challenging. However, 
LbL “loose” surface morphologies should provide an outstanding environment for 
reversible charges or hydrogen-bonding driven responsiveness.  
Stimuli-Responsive Gels 
Stimuli-responsive gels are typically formed by physical and/or chemical 
crosslinking, or by supramolecular associations of molecular chains dispersed in solvents. 
The forces driving the molecular makeup of gels are covalent bonds
86
 and noncovalent 
interactions, such as hydrogen bonding, hydrophobic, or van der Waals interactions, and 
π-π stacking.87 As a polymer matrix is tied by crosslinked points or entanglements, 
relatively stable hydrogels and/or organogels with maintained bulk structures are 
achieved. However, since gels are usually porous or solvent-containing networks, their 
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integrity may be destroyed when responsive dimensional changes (deformation) occur. 
Typically, dimensional changes within stimuli-responsive gels are at micro scale levels 
because responses occur along the network components, which was observed in 
PNIPAAm gels by utilizing laser scanning confocal microscopy (LSCM).
88
  In contrast, 
for dispersed polymer chains in solutions dimensional changes are at the nano-range 
levels. The relationship between the gel equilibrium energy (z axis), stimuli energy input 
(x axis), and physical/chemical response (y axis) is illustrated in Figure 1.2.3. If we 
consider again that the equilibrium energy (ΔEeq (gel)) is responsible for gel network 
stability, which exhibits the higher energy difference between the minimum E and the 
higher energy states, two meta-stable energy minima A and B will provide stimuli-
responsiveness. This is controlled by entropic component (ΔS), as ΔH is smaller and 
contributes to a lesser degree to overall ΔG values. One example is the expansion and 
shrinkage of hydrogel networks which result in the changes of physical and or chemical 
state (A"→B"), when the stimuli energy is delivered, resulting in (A' to B') transitions. 
Stimuli-responsive molecular segments shown in Figure 1.3 discussed in the context of 
stimuli-responsive solutions and surfaces/interfaces can be also utilized in gels, and the 
primary difference is the presence of chemical crosslinking and/or macromolecular 
entanglements responsible for network integrity. 
Of particular interest are polymer hydrogels, in which a large amount of water 
fills the interstitial sites of a crosslinked network, which resemble organism-like 
structures utilized by biological systems. Superporous hydrogel is one of the early 
examples
89, 90
 of temperature-responsive PNIPAAm gels applied in biological systems. 
The primary limitations, however, are the slow responsive rates and relatively weak 
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mechanical integrity of the networks. To improve these properties PNIPAAm was 
copolymerized with AAc,
91
 interpenetrated with PMAAc,
92
 or grafted with 
hydrophilic/hydrophobic pendant chains to form comb-like systems.
93, 94
 Rapid 
responsive kinetics and enhanced gel stabilities can be achieved in these systems by 
utilizing capillary froths, interchain hydrogen bonding interactions, and formation of 
water release channels. 
In order to control flow and permeability of membranes ultrathin hydrogel 
membranes
95-97
 with microspores sizes 0.01-20 µm poly(2-vinylpyridine) (P2VP) was 
chemically crosslinked by 1,4-diodobutane (DIB).  The unique feature of these materials 
is that the pore size and therefore permeability can be controlled by the expansion or 
shrinkage of the network upon pH changes regulated the pore “open” or “close” 
operations. Figure 1.7 illustrates an example of surface topography images with sketched 
cross-sectional profiles of pore sizes which decrease at lower pH values. Such reversible 
pore size changes provide good controllability in fabricating flow gate membranes.
97
 
Again, as pointed out in Figure 1.2.3, the stability provided by the crosslinked hydrogel 
matrixes as well as the embodied responsive segments are essential to achieve stimuli-
responsiveness in polymeric gels. 
Biodegradable hydrogels are widely utilized in injectable tissue engineering 
applications.
90, 98-104
 At low temperature, PNIPAAm hydrogels are pliable and fluidlike, 
which enables the ability of injection. At higher body temperature, the hydrogels become 
viscoelastic solids due to the shrinkage above the thermal phase transition.
90, 102
 The 
biodegradability is controlled by the peptide crosslink junctions, which can be degraded 
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by enzymes,
98-100, 103, 104
 the key component in designing stimuli-responsive artificial 
extracellular matrices that are in-situ regenerated tissues. 
Shape memory gels can be deformed and further altered to the original shape 
when exposed to external stimuli. Temperature-driven memory shape gels are typically 
prepared by copolymerization of acrylic acid with n-stearyl acrylate
105
 which are able to 
render the original shape below 50 °C. This is facilitated by long alkyl chains of stearyl 
acrylate that adopt crystalline aggregates to maintain mechanical properties. Above 50 °C, 
the gel becomes soft and flexible as the side chain conformations are disordered. The 
order-disorder transitions which are associated with the formation of crystalline 
aggregates along the side chains are responsible for deforming and recovering of the 
original shape. Another class of shape memory gels are based on the partially 
interpenetrating PNIPAAm gels with polyacrylamide (PAAm).
106
 The resultant bigels 
possess internally heterogeneous and modulated structures, which are responsible for 
spatial shape modulation. The controlling mechanism is the temperature sensitivity of 
PNIPAAm and solvent (acetone) concentration sensitivity of PAAm. At elevated 
temperatures or higher acetone concentrations, the bigel strip bends to a circle as 
illustrated in Figure 1.8, A and B, respectively. This concept can be further applied to 
PAAc bigels modulated by pH changes.  
Electric field responsive gels were developed by utilizing nonionic polymer gels 
and dielectric liquid patterns, such as poly(vinyl alcohol)/dimethylsulfoxide) 
(PVA/DMSO)
107, 108
 and poly(vinyl chloride)/di-n-butylphthalate (PVC/DBP).
109
 The 
linear or complex responsive motion of these gels can be controlled when alternating the 
DC electric field, which is facilitated by the spatially varying shear forth between the 
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dielectric liquid and gels. Angular movements of gelatin/alginate interpenetration gel 
membrane
110
 was achieved under non-contact DC electric field, in which the bending 
speed and strain can be controlled by the gel chemical composition and applied voltage. 
These gel systems are capable of converting electromagnetic energy into mechanical 
energy, thus mimicking loco-motion of organisms under external electromagnetic 
stimulus. However, limitations of the liquid electrolyte environment and low responsive 
efficiency are one of the drawbacks which should be explored in the future. 
 Designing polymeric gels with molecular recognition properties have originated 
from the protein-folding studies.
111-113
 Depending upon environmental conditions, 
proteins can exhibit folded (compact) or expanded (random coil) conformations, and 
these structural features provide responsiveness which stimulates new designs of 
molecular recognition gels. One approach was to design heterogels as a protein,
111-113
 
where multi-type comonomers, such as AAc (anionic), methacryl-amido-propyl-
trimethyl-ammonium chloride (MAPTAC) (cationic), and NIPAAm (thermo-sensitive) 
were utilized and the resultant gels possess at least two phases: swollen and collapsed 
phases. When functional anionic or cationic groups are in close proximity at the collapsed 
state, they form a receptor-like recognition site for the target molecular binding.
111
 
However, the main challenges are to allow gels to collapse in a controllable way. 
P(MAPTAC/NIPAAm) heterogels
112
 can bind the target pyranine molecules through 
multiple-point ionic interactions, in which the negative charged pyranine form complexes 
with cationic MAPTAC species through ionic interactions. This process is reversible and 
the re-binding affinity occurs at 25 and 55 °C, respectively. A similar concept was 
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utilized to developed p(NIPAAm/AAc) hetero-gels
113
 which are capable of  reorganizing 
norephedrine and adrenaline molecules.  
Another approach of designing molecular recognition gels is based on the 
formation of complexes between the template (biological compound) and the monomers 
participating in the reaction,
114
 which has lead to the formation of superamoleuclar gels 
with molecular recognition capabilities. An example of crown-ether based 
supermolecular networks involves the use of poly(ε-caprolactone) (PCL) as the 
scaffold.
114 Reversible recognition between dibenzo[24]crown-8 (DB24C8) and 
dibenzylammonium salt (DBAS) can be achieved by increasing concentration levels of 
both species, while which is reversed by the addition of base or increase temperature. 
This is illustrated in Figure 1.9. 
Stimuli-Responsive Solids 
Due to spatial limitations resulting from a limited access of free volume, creating 
stimuli-responsive solid polymeric networks represent a great challenge. Similarly to 
solutions, surfaces, and gels, Figure 1.2.4 illustrates the relationship between the 
equilibrium energy (z axis), stimuli energy input (x axis), and chemical/physical response 
(y axis). Similar to polymeric gels, the minimum energy at equilibrium (E) provides 
stability of the network, whereas meta-stable energy states A and B facilitate stimuli-
responsiveness. In polymeric solids, the ΔEeq (solid) at equilibrium is significantly greater 
compared to solutions, surfaces, and gels, thus resulting in a greater network integrity due 
to tightly entangled or crosslinked polymeric chains. As a consequence, the Tg is also 
relatively higher compared to other states. However, in solid polymeric networks, the 
entropic term (ΔS) does not contribute significantly to stimuli-responsiveness because 
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spatial mobility in these tighter networks is restricted. While polymer conformational 
changes as well as packing of responsive segments are significant contributors to the 
stimuli-responsive properties, selected examples of  thermoplastic
12, 24, 115
 and 
thermosetting
36, 116-118
 stimuli-responsive components of solids networks are illustrated in 
Figure 1.10.  
One common feature in these systems is the combination of stimuli-responsive 
components with other segments which provide higher free volume content, thus 
enhanced elasticity. For example, in thermoplastic materials, it is desirable to 
copolymerize lower Tg components with stimuli-responsive species. This is shown in 
Figure 1.10, A. In thermosetting materials illustrated in Figure 1.10, B, incorporation of 
an entity that responds to electromagnetic stimuli is a common approach and the 
challenge is to make stimuli-responsiveness reversible. Stimuli-responsive segments 
illustrated in Figure 1.3 can also be utilized in produce solid networks, but lower Tg is a 
prerequisite to provide spatial conditions for responsiveness. 
If the presence of localized “voids” in the solid networks provides space for 
polymer chain rearrangements, combination of stimuli-responsive segments with low Tg 
components is one of the essential ingredients to achieve stable solid networks with 
stimuli-responsive characteristics. Following this concept, poly(N-(DL)-(1-
hydroxymethyl) propylmethacrylamide/n-butyl acrylate) (p(DL-HMPMA/nBA))
12
 and 
poly(2-(N,N′-dimethylamino)ethyl methacrylate/n-butyl acrylate) (p(DMAEMA/nBA))24 
colloidal particles were synthesized, which upon coalescence retain their stimuli 
responsive properties. This is facilitated by the presence of low Tg nBA components. The 
temperature responsiveness is controlled in the solid state by DL-HMPMA or DMAEMA 
25 
 
components, while the lower Tg nBA component provides sufficient free volume for 
copolymer chain rearrangements. One interesting macroscopic phenomenon resulting 
from these combination of monomers are detectable 3D changes observed in p(DL-
HMPMA/nBA) and p(DMAEMA/nBA) films. While p(DL-HMPMA/nBA) shrink in the 
x-y plane and expand in the thickness (z) directions, p(DMAEMA/nBA) films shrink in 
all the directions at elevated temperatures. Such dimensional differences in p(DL-
HMPMA/nBA) and p(DMAEMA/nBA) copolymer films are attributed to preferential 
orientational changes of the side groups, as amide side groups in DL-HMPMA form 
preferential inter/intra-molecular interactions with itself or butyl ester pendant groups of 
nBA units, as compared to the ester side groups in DMAEMA. As a result, orientations of 
the side groups in p(DL-HMPMA/nBA) films changes from prefenrentially parallel to 
perpendicular, which is responsible for the expansion in the z direction. This is the first 
example of orchestral macroscopic response to orientational changes of the copolymer 
side groups and structural features responsible for this behavior are illustrated in Figure 
1.11. Computer modeling results shown in Figure 1.11, A and B also confirmed the 
dimensional changes resulting from the buckling of copolymer backbone and a collapse 
of the DL-HMPMA or DMAEMA components leading to macroscopic volume changes 
of the entire network. 
Designing polymer systems with different surface energy components afford 
another method to create responsive solid networks. Generally, in multi-component 
networks, the component with a low surface energy will locate at the top surface, while 
the component with the high surface energy is hidden beneath. Following this concept, 
poly(2-ethylhexyl acrylate/acrylic acid) (p(2EHA/AAc))
115
 elastomers were developed, in 
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which aliphatic portions with the low surface energy components are located at the top 
layer. Upon pressure load, chain rearrangements occur, which allow the high surface 
energy chains (acid portion) to migrate to the surface, this process facilitated by 
hydrogen-bonding which leads to enhanced adhesion. Another example are copolymers 
with long perfluoroalkyl and alkyl side chains
119
 shown in Figure 1.12, which at low 
temperature, phase separate perfluoroalkyl chains into liquid crystalline domains at the 
top layer, thus resulting in a low surface energy. At elevated temperatures, the liquid 
crystal domains become disordered and the perfluoroalkyl side chains mix with the 
aliphatic chains, which result into the increase of the surface energy and sharp decrease 
of tacticity.  
The first example of stratification of polymeric films which would alter properties 
across the film thickness was demonstrated on polyurethanes.
120
 Other studies on 
colloidal dispersions also demonstrated that it is possible to control surface and interfaces 
responsiveness.
121-124
 Heterogeneous stimuli-responsive polymer networks can be also 
generated by stratification across the film thickness.
125
  Poly(methyl methacrylate/n-butyl 
acrylate/heptadeca-fluorodecylmethacrylate) (p(MMA/nBA/FMA)
126
 colloidal 
dispersions is one example where the presence of bio-active dispersing agents 
phospholipids (PLs) facilitates fluoro-monomer copolymerization. These dispersions 
upon coalescence result in phase-separation, where the FMA phase stratifies near the 
surface, thus resulting in ultra low static and kinetic coefficients of frictions, and MMA 
and nBA phases reside near the substrate. The degree of FMA stratification depends on 
the external temperature stimuli, which provides an opportunity for adjusting the film 
surface properties. A similar process was utilized in the synthesis of colloidal particles 
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that exhibit acorn shape.
127
 Stratification of the dispersing agents, such as dioctyl 
sulfosuccinate (SDOSS) and PL during the film formation processes represents another 
stimuli-responsive heterogeneous network example, where migration of individual 
species to the film-air (F-A) or film-substrate (F-S) interfaces is highly dependent on the 
external temperature, pH, and ionic strength.
128
 Furthermore, stratification of PLs leads to 
the formation of well-organized surface crystalline entities referred to as surface localized 
ionic clusters (SLICs). Spectroscopic experiments combined with ab initio calculations
129
 
demonstrated that PL molecules recognize the MMA and nBA monomer boundaries 
along the copolymer backbone.  
Polymeric solids containing light-sensitive molecules provide another possibility 
for designing stimuli-responsive solid networks. Their sensitivity to stimuli-
responsiveness depends upon photo-physical and photo-chemical processes involved. As 
indicated earlier, cis-trans isomers conversions require 2-3 kcal/mol and 
photoisomerization is a fast process. Thus, mutual conversions between the two isomers 
can occur in solid networks.
28, 130
 Upon photo-irradiation, photons are absorbed by a 
polymer network, which are converted to mechanical energy and chain conformational 
changes facilitate overall dimensional changes.
116
 Figure 1.13, A represents azobenzene 
polymer networks
116
 which upon irradiation with linear polarized light reversibly folds at 
the angles of -45, -90 and -135° with respect to the original position (0°). This behavior is 
attributed to the trans-cis isomerization of azobenzene moieties under specific alignment 
conditions along the polarized light. As the incident light is mostly absorbed by the 
surface layers, trans-cis isomerization of azeobenzene moieties responds near the surface 
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regions, thus causing the film volume contraction and consequently bending of the entire 
film.  
Photoreactive cinnamates molecules were utilized to design light-induced shape 
memory solid networks,
36
 in which reversible photo-crosslinking is generated under 
photo-irradiation. Both grafting and IPN systems were developed, and the responsiveness 
of resultant films are illustrated in Figure 1.13, B and C. In the grafting system, nBA, 
hydroxyethyl methacrylate (HEMA) and poly(propylene glycol) was polymerized with 
photosensitive ethylene-1-acrylate-2-CA (HEA-CA). When the original film (Figure 1.13, 
B, I) is stretched, random segments of polymer chains are also elongated. Such an 
elongated state can be temporarily “frozen” when both sides are irradiated with λ>260 
nm UV light, as the cinnamates molecules undergo photo-crosslinks. This is illustrated in 
Figure 1.13, B, II. When further irradiated with λ<260 nm UV light, photo-crosslinks are 
cleaved which results in the recovery to the original size. This is shown in Figure 1.13, B, 
III. The same concept of the reversible photo-crosslink effect was demonstrated in IPN 
systems of BA and HEMA doped with poly(ethylene glycol) (PEG) containing 
cinnamylidene acetic acid (CAA) functional groups,
36
 As shown in Figure 1.13, C, II, 
upon stress release, corkscrew spiral shape can be obtained when one side of the 
stretched film (Figure 1.13, C, I) is irradiated with λ>260 nm UV light. This phenomenon 
is attributed to elasticity differences between the top and bottom layers. There are 
numerous opportunities for designing materials with localized dimensional changes that 
upon external stimuli will respond accordingly. Physical motions of snakes or actions of 
cilia are examples where combination of chemical gradients will affect viscoelastic 
properties of materials and their ability to adapt to various environments.  
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As mentioned above, the presence of free volume facilitates spatial conditions for 
polymer chain rearrangements. This is reflected in the Tg changes which is controlled by 
compositional changes. If stimuli-responsiveness results in conformational changes, these 
rearrangements should exhibit an endothermic character. This hypothesis has lead to 
observation of compositional dependence of new endothermic stimuli-responsive (TSR) 
transition
131
 for stimuli-responsive polymeric solids. As shown in Figure 1.14, A, in 
addition to the lower Tg facilitating chain rearrangements, a series of DSC thermograms 
of p(DMAEMA/nBA) copolymer films recorded for different DMAEMA/nBA 
copolymer compositions shown TSR. As seen, similar to copolymer composition-
dependent Tg transitions, the TSR transitions also shift to higher temperatures as the 
amount of the stimuli-responsive DMAEMA component increases in the 
DMAEMA/nBA copolymer. Based on these experimental data, the following empirical 
relationship was established: 1/TSR = w1/Tbinary + w2/Tform or 1/TSR = w1(1/Tbinary - 1/T) + 
1/T, where TSR is the temperature of the stimuli-responsive transition, Tbinary is the 
temperature of the stimuli-responsive homopolymer in a binary polymer-water 
equilibrium, w1 and w2 (w2 =1-w1) are weight fractions of each component in the 
copolymer, and T is the film-formation temperature. As shown in Figure 1.14, B, 
similarly to the Fox equation
132
 allowing predictions of the Tg for random copolymers, 
this relationship allows TSR transition predictions in stimuli-responsive compositional 
solid films formed at different temperatures. While the Tg represents endothermic 
transitions due to segmental motion of the entire polymeric networks, the TSR to occur, 
free volume must be such that the local rearrangements of stimuli-responsive components 
possible. 
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Conclusions 
Although stimuli-responsiveness in solutions is relatively easily obtainable, 
control of responsive ranges, the effect of solvent-solute interactions, as well as mechano-
rheological behavior as a function of stimuli are still not well understood. These 
relationships are particularly significant in micro- and nano-fluidics as well as other 
aspects of polymer rheology. Stimuli-responsive surfaces and interfaces represent one of 
the great challenges where the surface and interfacial density, control of the chain length 
of anchoring macromoleucles, and their flexibility will require orchestrated synthetic and 
design efforts. Enhanced mechanical integrity is essential to improve typically fragile 
polymeric gels and the balance between mechanical stability and rapid response times, 
reversibility, and processing conditions will be necessary for many new applications, in 
particular for biomedical systems. In an effort to overcome the spatial and energetic 
limitations in stimuli-responsive solids, heterogeneous structure designs capable of 
charge transfer, ionization, or photoinduced conformational changes will be necessary. 
For all physical states, overcoming the barriers of biocompatibility, 
biodegradability, and nontoxicity are particularly important, and the development of 
multiple stimuli-responsive macromolecules which provide different mutual 
impregnability responses will be essential in future applications. Reversibility and speed 
of stimuli-responsiveness in each of these states, especially for solid networks are 
essential, and the design of suitable chemical structures to control meta-stable 
equilibrium energy states will formulate conditions for the design of orchestrated 
heterogeneous networks. 
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Figure 1.1. Schematic representation of dimensional changes in polymeric solutions, at 
surfaces and interfaces, in polymeric gels, and polymer solids resulting from physical or 
chemical stimuli. 
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Figure 1.2.1. The relationship between equilibrium energy, stimuli energy input, and 
physical/chemical response in polymer solutions. 
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Figure 1.2.2. The relationship between equilibrium energy, stimuli energy input, and 
physical/chemical response in polymer surfaces (A) and interfaces (B). 
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Figure 1.2.3. The relationship between equilibrium energy, stimuli energy input, and 
physical/chemical response in polymer gels. 
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Figure 1.2.4. The relationship between equilibrium energy, stimuli energy input, and 
physical/chemical response in polymer solids. 
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Figure 1.3.1. Examples of molecular structures responsive to temperature (A) and pH (B). 
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Figure 1.3.2. Examples of molecular structures of photo-responsive monomers: cis-trans 
isomer of azobenzene (A); ionization monomers (B) of leucos (B') and spiropyran (B"); 
and dimerization monomer of cinnamate (C). 
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Figure 1.3.3. Orientation changes (A) and molecular structures (B) of liquid crystalline 
molecules. 
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Figure 1.4. Grafting of stimuli-responsive: LCST segments (A); binary brushes (B); 
block copolymers (C); and photochromic segments (D). 
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Figure 1.5. Schematic representation of reversibly bending and straightening of 
molecular segments on surfaces with a low grafting density.
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Figure 1.6. Electrostatic (A) and hydrogen-bonding (B) interactions in stimuli-responsive 
LbL surfaces and interfaces. 
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Figure 1.7. SPM topography images of crosslinked P2VP hydrogels at pH=3 (A) and 
pH=2 (B); Schematic representation of cross-section profiles of the pore in the shrinkage 
and expansion states (C).
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Figure 1.8. Photographs illustrating bending of shape memory gels at 37.8 °C (A) and 
acetone concentration 45 % w/w (B).
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Figure 1.9. Schematic representation of molecular recognition gels formed from four-arm 
and two-arm stars due to recognition between dibenzo[24]crown-8 (DB24C8) and 
dibenzylammonium salt (DBAS).
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Figure 1.10. Molecular structures of thermoplastic (A) and thermosetting (B) stimuli-
responsive solids. 
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Figure 1.11. Computer simulation results of: p(DL-HMPMA/nBA) (A) and 
p(DMAEMA/nBA) (B).
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Figure 1.12. Schematic representation of liquid crystal and isotropic phases transitions 
due to order/disorder separation of perfluoroalkyl chains.
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Figure 1.13. Photo-responsive polymeric solids of: bending of azobenzene containing 
films by liner polarized light (A); shape memory films with grafted HEA-CA (B); shape 
memory IPN system (C).
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Figure 1.14. DSC thermograms of p(DMAEMA/nBA) copolymer films recorded for 
different DMAEMA/nBA weight ratios (A); Experimental TSR values obtained from DSC 
measurements which allowed TSR predictions for different T values plotted as a function 
of w1: 1/TSR = w1/Tbinary + w2/T.131 
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CHAPTER II 
3D DIRECTIONAL TEMPERATURE RESPONSIVE (N-(DL)-(1-
HYDROXYMETHYL) PROPYLMETHACRYLAMIDE-CO-N-BUTYL ACRYLATE) 
COLLOIDS AND THEIR FILMS 
Introduction 
While the majority of studies dealing with stimuli-responsive polymers focused 
on polymeric solutions, it is significantly more challenging to develop stimuli-responsive 
polymeric films.
1, 2
 In order for macromolecular segments to respond to external or 
internal stimuli, it is necessary to provide adequate spatial conditions which are easily 
attainable in solutions, where Brownian motion of solvent molecules requires relatively 
low energy for macromolecular segments to displace solvent molecules. In contrast, in a 
solid phase, the challenge is to design a polymer network that upon stimuli will be 
capable of rearranging macromolecular segments while maintaining solid state properties. 
Examples are hydrogels
3, 4
 which exhibit stimuli-responsive properties resulting from the 
low glass transition temperature (Tg) components providing an access of free volume 
facilitating transport of individual components. In view of these considerations, it is of 
scientific and technological interest to design and develop polymers that would exhibit 
stimuli-responsiveness, while maintaining mechanically stable polymer networks. 
Although a chemical makeup of macromolecular segments formulates a prerequisite for 
stimuli-responsiveness of a given polymer, localized low Tg environments in the 
interfacial regions
5, 6
 favor stimuli-responsive macromolecular rearrangements in a solid 
state, thus facilitating spatial requirements for suitable collision frequencies to facilitate 
metastable equilibria.  
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A well-known temperature responsive poly(N-isopropylacylamide) (PNIPAAm) 
has been examined in numerous studies,
7-9
 but recently poly(N-(DL)-(1-hydroxymethyl) 
propylmethacrylamide (p(DL-HMPMA)) was prepared which also exhibits temperature 
responsiveness in an aqueous phase with lower critical solution temperature (LCST) at 
approximately 35 ºC.10-12 The primary difference between PNIPAAm and p(DL-
HMPMA) is that the latter possesses chiral centers and hydroxyl functional groups, 
which closely mimics structural features of proteins, and the presence of hydrophilic 
hydroxyl groups may be useful in controlling the rate of drug delivery.
13-15
 One common 
undesirable features of PNIPAAm and p(DL-HMPMA) polymers are their relatively high 
Tg which make colloidal particles coalescence under ambient conditions challenging.  
In an effort to overcome this obstacle while maintaining temperature-responsive 
characteristics, one approach is to prepare copolymers containing stimuli-responsiveness 
of DL-HMPMA and other segments that would allow coalescence. For that reason we 
copolymerized DL-HMPMA and n-butyl acrylate (nBA) monomers, (Tg of p(nBA) 
homopolymer is ~ -46 °C), and examined stimuli-responsive characteristics of colloidal 
particles as well as coalesced p(DL-HMPMA/nBA) films. These studies consist of two 
parts: the first part focuses on the synthesis and stimuli-responsiveness of p(DL-
HMPMA/nBA) colloidal particles in an aqueous phase, whereas the next part is devoted 
to directional temperature responsiveness of coalesced p(DL-HMPMA/nBA) films and 
conformational changes resulting from temperature changes. 
Experimental Section 
The N-(DL)-(1-hydroxymethyl) propylmethacrylamide (DL-HMPMA) was 
purchased from Eastern Systems, Inc. Sodium dioctylsulfosuccinate (SDOSS), n-butyl 
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acrylate (nBA), and potassium persulfate (KPS) were purchased from Aldrich Chemical 
Co.  
P(DL-HMPMA/nBA) copolymers was synthesized using semi-continuous 
emulsion polymerization process outlined elsewhere
16
 which was adapted for a small 
scale polymerization. The reaction flask was immersed in a water bath preheated to 72 °C 
and purged continuously with N2 gas. The reactor was first charged with 23 ml of double 
dionized (DDI) water, and after purging N2 for 30 min, the content was stirred at 350 rpm. 
At this point, pre-emulsion (DDI, SDOSS, and monomers) and initiator solution (DDI 
and KPS) were fed at 0.119 and 0.050 ml/min into the vessel over a period of 3.5 hrs and 
4 hrs, respectively. After completion of the initiator feeding, the bath temperature was 
increased to 85 °C, and the reaction was continued for an additional hour. The resulting 
colloidal dispersion was filtered after cooling to ambient temperature. P(DL-HMPMA) 
and p(nBA) homopolymers were prepared using the same method.  
 Particle size analysis was performed using a Microtrac Nanotrac particle size 
analyzer (Model NPA 250) with an accuracy of ±10 nm. To determine turbidity as a 
function of temperature, colloidal dispersions were diluted with DDI water to 2% w/w 
solution and monitored at 500 nm wavelength using Varian Cary 500 Scan UV-Vis NIR 
spectrophotometer. DDI water was utilized as the reference background and each solution 
was allowed to equilibrate for 30 min at a given temperature before measurements.  
 Molecular weight was determined using gel permeation chromatography (Waters, 
Inc.) equipped with a 515 HPLC pump and a 2414 model refractive index detector. Each 
sample was precipitated in tetrahydrofuran (THF) and eluted through 5 µm polypore 
column. Elution times were referenced against polystyrene standards and molecular 
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weights of p(DL-HMPMA/nBA) copolymer and p(DL-HMPMA) homopolymer were 
173,000 and 186,000 g/mol, respectively. 
 Proton NMR spectra were acquired using Varian Mercury 300 MHz NMR 
spectrometer. Typical measurement conditions involved 45° pulse, relaxation delay 1 sec, 
acquisition time of 1.998 sec. Each spectrum represents co-addition of 64 scans. For each 
measurement, 5.8% w/v of copolymer was dissolved in deuterium oxide (D2O) and 
temperature was controlled by a Bruker Variable Temperature Unit equipped with a 
Eurotherm 818 Controller. Before data acquisition, each sample was equilibrated at a 
given temperature for 30 min. 
 Microscopic attenuated total reflectance Fourier transform infrared (ATR FT-IR) 
spectra were collected on a Bio-Rad FTS-6000 FT-IR single-beam spectrometer set at 4 
cm
-1
 resolution equipped with a deutrated triglycine sulphate (DTGS) detector. A 2 mm 
Ge crystal with a 45° face angle maintaining constant contact pressure between the 
crystal and the specimens was used. 1 µl of colloidal dispersion was placed directly on 
the Ge crystal and allowed to dry at least 1 hr to form a layer of film on the crystal. Each 
spectrum was collected on the film-substrate (F-S) interface with attached heating 
elements and represented 100 co-added scans ratioed to 100 scans collected on an empty 
ATR cell. All spectra were corrected for spectral distortions by Q-ATR software using 
Urban-Huang algorithm.
17 
Polarization experiments were conducted to determine 
preferential orientation of surface groups near the film-air (F-A) and film-substrate (F-S) 
interfaces. For this reason 0° (TE) and 90° (TM) polarizer was utilized, where TE and 
TM are transverse electric and transverse magnetic vectors of the incidence light 
polarized at 0° and 90° with respect to the sample surface.
17
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 Polymeric films were prepared by casting colloidal dispersions onto the poly 
(tetrafluoroethylene) (PTFE) substrate and allowed to coalescence at 80% relative 
humidity (RH) for 72 hrs at 22 °C in an environmental chamber. In a typical experiment, 
approximately 300 µm thick films were obtained and 20×10 mm sections were used for 
dimensional change experiments. Each specimen was equilibrated for 8 hrs at a given 
temperature before measuring the dimensional changes using micrometer (Mitutoyo Co.) 
with a precision of ±0.1 µm. Each data point shown in Figure 2.7 represents an average 
of three measurements. 
 Surface morphologies of coalesced films were analyzed using an FEI Quanta 200 
scanning electron microscope (SEM). All specimens were sputter coated with 5 nm thick 
gold under an argon atmosphere using Emitech K550X Gold Sputter Coater and SEM 
analysis was performed using a 20 kV accelerated voltage.   
 Quantum mechanical semi-empirical calculations were conducted using Material 
Studio software (Accerlrys Inc. Version 4.1). Computer modeling simulations were 
performed using a classical (Newton) molecular dynamics theory combined with the 
COMPASS force field conditions. In the first step, we created an infinite polymer long 
chain containing DL-HMPMA and nBA monomer units using 3D periodic boundary 
conditions, such that the local thermo-induced flux was set proportional to the local atom 
density changes and local thermodynamic driving forces of the chemical potential. In an 
effort to determine thermodynamic responses of molecular segments, a 25×25×25 Å 
periodic unit cell was constructed, and temperature was the control parameter to simulate 
the heat exchange with the environment. 
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Results and Discussion 
In an effort to establish chemical composition resulting from the synthesis of DL-
HMPMA and nBA monomers described in the Experimental Section, IR and 
1
H NMR 
analyses were performed. Figure 2.1, a, Traces A, B, and C illustrate ATR FT-IR spectra 
of p(nBA) and p(DL-HMPMA) homopolymers, as well as p(DL-HMPMA/nBA) 
copolymer prepared for the purpose of these studies. As seen in Trace A, the band at 
1732 cm
-1
 corresponding to the C=O stretching vibrations of ester groups
18-20
 of p(nBA) 
as well as the bands at 3341, 1628, and 1530 cm
-1
 due to the O-H stretching vibrations 
and secondary amide C=O and N-H stretching
18-20
 of p(DL-HMPMA) are observed. 
Further confirmation of copolymerization is illustrated in the 
1
H NMR spectrum of p(DL-
HMPMA/nBA) recorded at 25 °C in D2O. As shown in Figure 2.1, b, typical resonances 
due to DL-HMPMA and nBA units
10, 19-22
 are identified with the exception of the signals 
due to N-H and O-H protons owning to their proton exchange with water. A strong 
resonance at 4.3 ppm is due to the HDO signal. 
 These data demonstrate that DL-HMPMA and nBA monomers are randomly 
copolymerized when the feed ratio of 1:1 is used during free radical polymerization. 
Since an ultimate objective of these studies is to develop stimuli-responsive films and 
advance limited knowledge of film formation of stimuli-responsive colloidal dispersions, 
the remaining parts of this manuscript are organized into two sections: solution and solid 
state aspects of p(DL-HMPMA/nBA) copolymers. While first section is devoted to 
stimuli-responsive behavior of p(DL-HMPMA/nBA) colloidal particles in an aqueous 
phase, the next part examines coalescence, multi-directional responses, and 
conformational changes of p(DL-HMPMA/nBA) films as a function of temperature. 
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In an effort to establish thermal-responsiveness of p(DL-HMPMA/nBA) 
copolymer colloidal particles, the particle size, UV-Vis, and 
1
H NMR analysis were 
conducted as a function of temperature. As shown in Figure 2.2, a, curve A, as 
temperature increases from 22 to 50 °C, the particle size of colloidal dispersions 
decreases from 81 to 47 nm which, according to the literature,
23-25
 results from hydrogen 
bonding and hydrophobic interaction changes which are believed to be the main 
contributors to temperature sensitivity. However, unlike homopolymer of p(DL-
HMPMA), which exhibits a narrow transition at 35 °C shown in Figure 2.2,a, curve B, 
the particle size of p(DL-HMPMA/nBA) copolymer decreases gradually over the 27-
37 °C temperature range, which is attributed to the presence of nBA units. The first 
derivative of the particle size curves is plotted in Figure 2.2, b and as expected, the bell 
shape curve for p(DL-HMPMA/nBA) is observed, whereas the p(DL-HMPMA) 
homopolymer exhibits a single temperature peak. These data illustrate that 
copolymerization of nBA and DL-HMPMA monomers broadens the LCST transition, 
making it like the secondary transition. For that reason we will refer to this transition as 
the second order low critical solution temperature (II-LCST) transition. Turbidity 
measurements exhibit parallel behavior,
26
 and as shown in Figure 2.2, c, % transmittance 
changes are also reversible. This phenomenon is visually illustrated on the enclosed 
photographs, where clear and turbidity/translucent dispersions are observed upon 
reversible cooling and heating cycles of colloidal solutions. 
1
H NMR spectra of p(DL-HMPMA/nBA) colloidal dispersions are also sensitive 
to temperature changes.
27-30
 As shown in Figure 2.3, a, all resonances shift to lower 
magnetic fields as the temperature increases, with the most pronounced shifts detected 
66 
 
between 30 and 40 °C. As expected, this behavior is attributed to local magnetic field 
changes around a nuclei, which results from conformational changes, and subsequently 
electronic structure changes induced by temperature.
31
 When temperature increases, 
copolymer chains rearrange from extended to collapse state, which affects local magnetic 
and environmental shielding effects, causing the resonance shifts toward lower magnetic 
fields. Furthermore, the intensity of the 
1
H resonance decreases as the temperature 
increases, which is attributed to redacted molecular mobility of the polymer segments in 
the collapse state. As an example, Figure 2.3, b illustrates chemical shift changes of the 
methyl side groups and the integrated total polymer signal area plotted as a function of 
temperature. As seen, chemical shifts and the integrated band areas of the resonances also 
occur between 27 and 37 °C, which parallels the II-LCST transition observed in the 
particle size and turbidity measurements. In summary, copolymerization of DL-HMPMA 
monomer with nBA monomer maintains stimuli-responsive characteristics which is a 
prerequisite for creating stimuli-responsive films. 
As state in the Introduction, the challenge is to develop stimuli-responsive 
polymeric films while maintaining the integrity of a polymeric network. For that reason, 
p(DL-HMPMA/nBA) colloidal particles were allowed to coalesce and such films were 
exposed to temperature changes. Figures 2.4, a and b illustrate ATR FT-IR spectra of 
p(DL-HMPMA/nBA) copolymer films in two spectral regions recorded as a function of 
temperature. The bands at 3341 (O-H/N-H str), 3070 (Amide II, overtone), and 2840-
3020 (C-H str) in 3800-2500 cm
-1
 region as well as the bands at 1628 (C=O Amide I), 
1530 (N-H Amide II), 1462 (CH2/-OCH2 def), and 1090 (C-O str) in 1800-1000 cm
-1
 
region decrease as the temperature increases. As anticipated, these changes are attributed 
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to the rearrangement and collapse of polymeric chains above II-LCST.
32-34
 At the same 
time, selected bands shift as the temperature increases, which reflects changes in 
molecular rearrangements and interactions. Upon temperature changes, partial inter-
molecular hydrogen bonds gradually break down and generate intra-molecular hydrogen 
bonds which are manifested by relative intensity increases of the bands at 3452 and 1655 
cm
-1
.
20, 35
 However, no intensity decrease or significant shifts are observed for the 1732 
cm
-1 
band due to C=O ester stretching vibrations of the nBA component of p(DL-
HMPMA/nAB) copolymer. These observations suggest that hydrogen bonds of the nBA 
segments are not involved in local rearrangements induced by temperature changes. 
However, diminished band intensities of the C-H stretching vibrations due to CH2/CH3 
segments above II-LCST indicate that these segments participate in temperature 
responses.  
Based on these spectroscopic observations, one may hypothesize possible 
structural changes resulting from the temperature changes. Due to free volume introduced 
by the lower Tg nBA component of p(DL-HMPMA/nBA) copolymer, rotational freedom 
of the butyl ester pendent groups provides an adequate space for polymer chain 
rearrangements, but conformational changes occur within the moiety of DL-HMPMA of 
the copolymer. Although the hydrophobic backbone and the side groups of the DL-
HMPMA component may collapse as temperature increases, butyl ester pendent groups 
may be moved away the polymer backbone, thus utilizing the free volume to facilitate 
conformational changes. If this hypothesis is indeed valid, orientation changes of the side 
groups should occur as a function of temperature. To examine this behavior, orientation 
changes were monitored as a function of temperature using polarized ATR FT-IR 
68 
 
spectroscopy. The results of these experiments are illustrated in Figures 2.5, a and b, 
which show a series of polarized ATR FT-IR spectra of p(DL-HMPMA/nBA) recorded 
from the F-A and F-S interfaces. As seen, higher intensity of the 1090 cm
-1
 band due to 
C-O stretching modes of the side groups in the TE mode indicates their preferential 
parallel orientation below the II-LCST. However, the same band in the TE mode of 
polarization decreases gradually with the increasing temperature, and same changes are 
observed at the F-A and F-S interfaces. Using these measurements the dichroic ratio (R) 
values were determined, and the R values decrease from 1.58 at 25 °C to 0.64 at 50 °C at 
the F-A interface, and from 1.60 at 25 °C to 0.66 at 50 °C at the F-S interface,
36
 thus 
indicating that indeed, the orientation of the side groups changes from preferentially 
parallel to perpendicular as a result of temperature induced expansion and collapse. 
To further understand molecular changes and dynamics of p(DL-HMPMA/nBA) 
temperature response, computer modeling experiments using molecular thermodynamics 
simulations were employed. The p(DL-HMPMA/nBA) unit cells were constructed by 
packing energy minimized polymer chains in a random sequence of DL-HMPMA and 
nBA monomer units under 3D periodic boundary conditions, while details of the 
computational analysis was provided in the Experimental Section. Visualization of the 
results are depicted in Figure 2.6, a. As temperature increases above II-LCST, the unit 
cells become denser and significant conformational changes occur. As a result of the 
chain collapse, the calculated total energy of the system (Etotal), which comprises of the 
potential energy (Epot) and kinetic energy (Ekin), increases by 150 kcal/mol (from 1826 to 
1976 kcal/mol) when temperature increases from 25 to 50 °C. At the same time, Epot 
changes by 82 kcal/mol (from 686 to 768 kcal/mol), and Ekin by 68 kcal/mol (from 1140 
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to 1208 kcal/mol). Since the Epot accounts for conformational changes of the unit cell and 
Ekin for the kinetic energy which is proportional to temperature, the total free energy 
increase results from diminishing entropic term (ΔG = ΔH – TΔS, assuming that ΔH 
remains only slightly affected by temperature). Furthermore, these molding experiments 
show that during this process, the volume (V) decreases by 14.2% (from 12.57 to 10.78 
nm
3
) and at T>II-LCST butyl ester side groups still occupy a significant volume and are 
capable of rotating, while DL-HMPMA component collapses to form bulky spheres. The 
inserts a΄ and a˝ in Figure 2.6, a depict conformational changes along the polymer 
backbone axis (dashed line) and their significant conformational changes of nBA as well 
as the collapse of DL-HMPMA. It is also apparent that the backbone buckles inwards 
which is the contributing factor to the overall volume decrease. Based on these 
calculations as well as spectroscopic analysis discussed above, the model depicting this 
behavior is schematically shown in Figure 2.6, b, where the circles correspond to the free 
volume changes associated with the thermal response of DL-HMPMA or nBA segments 
of the copolymer. Below II-LCST the copolymer backbone is extended and the side 
chains of DL-HMPMA (A) and nBA (B) exhibit fairly high freedom. However, above II-
LCST the backbone collapses and conformational changes of both side groups result in 
the collapse state. 
Using semi-empirical calculations we also calculated vibrational energy changes 
of the experimentally detected IR bands that are most temperature sensitive to 
conformational changes. The bands of particular interest are due to C=O of ester and 
amide I linkages at 1732 and 1628 cm
-1
, respectively, as well as the 1530 cm
-1
 band due 
to N-H bending vibrations of the amide II. As shown in Figure 2.4, b, experimental data 
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show that the 1732 cm
-1
 band exhibit no sensitivity to II-LCST. However, the amide I 
and II bands shift and become weaker in the following order: amide I at 1628 cm
-1
 shifts 
to 1636 cm
-1
, whereas amide II at 1530 cm
-1
 shifts to 1517 cm
-1
. At the same time, the 
intensities of both bands decrease. Using the model depicted in Figure 2.6, a, we 
calculated IR changes of these bands which showed the same trends, that is above II-
LCST, the band intensities diminish and, at the same time, the 1730 cm
-1
 band due to 
C=O esters remains unchanged. The amide I and II bands shift from 1636 to 1648 cm
-1
, 
and from 1538 to 1527 cm
-1
, respectively. While these data obtained from theoretical 
calculations depicted in Figure 6-a are in agreement with the experimental data, it should 
be noted that if polar or hydrogen bonding interactions were solely responsible for the II-
LCST transition, as proposed in the literature, the magnitude of the spectroscopic changes 
would be significantly greater in both experimental and computational analysis. As 
shown above, this is not the case and the fact that the entropic term appears to 
significantly contribute to energy changes, packing of hydrophobic segments containing 
CH2/CH3 segments as well as the buckling of the polymer backbone are significant 
contributors to the energy and volume changes. 
As indicated earlier, spectroscopic analysis indicated orientation changes of 
p(DL-HMPMA/nBA) copolymer components. The question whether these changes affect 
macroscopic film dimensions changes and how appear to be important. In an effort to 
determine directional volume transitions in solid p(DL-HMPMA/nBA) films as a 
function of temperature, dimensional changes of coalesced films were measured in x, y, 
and z directions. Figure 2.7, a, b, and c illustrate relative changes in x, y, and z directions, 
respectively, plotted as a function of temperature. Interestingly enough, the length and 
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width (x and y directions) diminish, but thickness of the film (z direction) increases. 
These changes occur again in the 27-37 °C temperature range which correspond to the II-
LCST and agree with the data discussed in Figures 2.2 and 2.3. It should be also noted 
that dimensional changes in the z direction are significantly smaller, thus the overall total 
volume of the film decreases as a function of temperature, which is illustrated in Figure 
2.7, d. When going from 22 to 50 °C, the total observed volume decrease is 18.5%, which 
agrees with the computer modeling data (14.2%). It should be also noted that these 
changes affect surface morphologies. As shown in Figure 2.8, a, SEM image of p(DL-
HMPMA/nBA) film surface coalesced at 22 °C exhibits uniform surface morphology, but 
upon coalescence at 40 °C, surface buckling is observed due to shrinkage in x-y and 
expansion in z directions. This is shown in Figure 2.8, b. 
Based on these data, the model depicted in Figure 2.9 is proposed which accounts 
for 3D directional thermal-responsive behavior of p(DL-HMPMA/nBA) copolymer films. 
As shown, expansions and collapses of polymeric segments in p(DL-HMPMA/nBA) 
occur as a function of temperature. Below II-LCST, copolymer chains are extended and 
adopt a lateral configuration, which is facilitated by the lower Tg of the n-BA component 
and the presence of hydrophilic groups. Under these conditions copolymer chains are 
able to spread out in the x-y directions, while reducing their size in the thickness z 
direction. As the temperature increases above II-LCST, DL-HMPMA components 
collapse, which is facilitated by buckling of the copolymer hydrophobic backbone, thus 
allowing the side groups to expand in z direction. For this reason, the film thickness 
increases and shrinkage occurs in x-y directions, thus causing surface buckling. Water 
molecules play an important role in 3D directional temperature-responsiveness and their 
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participation provides an environment with metastable equilibrium conditions for 
polymer chain rearrangements. 
Conclusions 
In these studies we synthesized novel p(DL-HMPMA/nBA) colloidal particles 
that retain temperature-responsive characteristics with the II-LCST in the 27-37 °C 
temperature range. Particle size of p(DL-HMPMA/nBA) aqueous dispersions diminishes 
from 81 to 47 nm as the temperature increases. When p(DL-HMPMA/nBA) colloidal 
particles coalesced to form films, temperature-responsiveness is maintained by the lower 
Tg nBA component which provides sufficient free volume for spatial rearrangements. 
Computer modeling experiments also showed that total free energy (Etotal) increases by 
150 kcal/mol, and in addition to relatively weak hydrogen bonding and polar interactions, 
entropic components play an important role in the conformational changes near II-LCST. 
P(DL-HMPMA/nBA) films also exhibit 3D directional responses to temperature, with 
shrinkage in the x-y plane, and expansion in the thickness (z) directions. Participation of 
water molecules in p(DL-HMPMA/nBA) films provides environmental conditions with 
metastable equilibrium to allow molecular rearrangements.  
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Figure 2.1. (a) ATR FT-IR spectra of: A-pnBA; B-p(DL-HMPMA); C-p(DL-
HMPMA/nBA) and (b) 
1
H NMR spectrum of p(DL-HMPMA/nBA) in D2O. 
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Figure 2.2. Particle size (a) and its first derivative (b) of: A-p(DL-HMPMA/nBA); B- 
p(DL-HMPMA) plotted as a function of temperature; (c) % transmittance plotted as a 
function of temperature: (■) Heating; (●) Cooling.  
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Figure 2.3. (a) 
1
H NMR spectra recorded as a function of temperature; Traces: A-20 °C; 
B-25 °C; C-30 °C; D-35 °C; E-40 °C; F-45 °C; (b) chemical shift of methyl groups and 
integrated total resonance peak area plotted as a function of temperature; (○) chemical 
shift; (●) total resonance peak area. 
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Figure 2.4. ATR FT-IR spectra of p(DL-HMPMA/nBA) recorded as a function of 
temperature in (a) 1800-1000 cm
-1
 and (b) 3800-2500 cm
-1
 regions; Traces: A-25 °C; B-
30 °C; C-35 °C; D-40 °C; E-45 °C; F-50 °C. 
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Figure 2.5. Polarized ATR FT-IR spectra recorded from: (a) F-A interface and (b) F-S 
interfaces; Traces: A-25 °C, TE; A'-25 °C, TM; B-30 °C, TE; B'-30 °C, TM; C-35 °C, TE; 
C΄-35 °C, TM; D-40 °C, TE; D΄-40 °C, TM; E-45 °C, TE; E΄-45 °C, TM; F-50 °C, TE; 
F΄-50 °C, TM. 
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Figure 2.6. Results of simulations: (a) volume and conformational changes resulting from 
temperature changes; inserts a΄ and a˝ illustrate unit cells below and above II-LCST; (b) 
schematic representation of volume changes resulting from temperature; arrows indicate 
rotations of the nBA side groups and circles represent free volume changes. 
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Figure 2.7. 3D directional thermal response of p(DL-HMPMA/nBA) films: (a) film 
length, (b) film width, (c) film thickness and (d) total film volume changes plotted as a 
function of temperature. 
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Figure 2.8. SEM images of p(DL-HMPMA/nBA) films coalesced at: (a) 22 °C; (b) 40 °C. 
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Figure 2.9. Schematic diagram depicting 3D directional thermal response of p(DL-
HMPMA/nBA) films. 
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CHAPTER III 
DUAL TEMPERATURE AND PH RESPONSIVENESS OF POLY(2-N,N′-
DIMETHYLAMINO)ETHYL METHACRYLATE-CO-N BUTYL ACRYLATE) 
COLLOIDAL DISPERSIONS AND THEIR FILMS 
Introduction 
Numerous advantages of synthetic polymers capable of responding to 
external/internal stimuli and their potential of mimicking biological species generated 
significant scientific and application interests.
1
 Among many polymeric systems, 
probably the most studied synthetic polymer that exhibits temperature responsiveness is 
poly(N-isopropylacrylamide) (PNIPAAm),
2-7
  with the low critical solution temperature 
(LCST) at approximately 32 °C. Among the pH responsive polymers, polyacids, such as 
poly(acrylic acid)
8
 (PAAc), as well as polybases, like poly(vinylpyridine)
9
 (PVP), have 
been also investigated,
10
 and the presence of ionizable pendent groups that may accept or 
donate protons make these species pH-responsive. In an effort to achieve simultaneous 
temperature and pH responses, a common approach is to combine acrylic acid/amine 
functionalities as pH- and acrylamide derivatives as temperature-responsive 
components
11-13
 into one copolymer backbone, thus generating simultaneous pH- and 
temperature-responsiveness. Some polymers have been reported to exhibit both 
temperature- and pH-responsiveness. Poly(2-(N,N′-dimethylamino)ethyl methacrylate) 
(PDMAEMA) exhibits such dual-responsiveness within itself, where temperature 
sensitivity results from dimethylamino ethyl groups and generates the LCST at around 
40 °C,
14, 15
 and pH-responsiveness is attributed to protonation/deprotonation of the 
tertiary amine side groups.
16, 17
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While stimuli-responsive behavior of these and many other polymer systems has 
been achieved in aqueous solutions where energetic and spatial restrictions can be easily 
overcome, significant difficulties are present in solids. Either the lack of spatial mobility 
or high glass transition temperature (Tg) impose limitations on the availability of free 
volume that is required for network rearrangements to occur. Furthermore, film formation 
is often inhibited by elevated Tg of many stimuli-responsive homopolymers. In an effort 
to overcome these limitations, we recently synthesized colloidal particles of poly((N-
(DL)-(1-hydroxymethyl) propylmethyacrylamide/n-butyl acrylate) (p(DL-
HMPMA/nBA)) copolymer,
18
 which exhibits a broad range of LCST (27-37 °C) and the 
presence of copolymerized nBA components facilitates coalescence. We refer to these 
transitions as the second-order low critical solution temperature (II-LCST)
18
 and one of 
the interesting outcomes of these studies was directional responsiveness of the coalesced 
p(DL-HMPMA/nBA) films. For solid films, this temperature is referred to as stimuli-
responsive temperature (TSR). In view of these findings and considering that the presence 
of low Tg components facilitates free volume required for polymer network 
rearrangements, these studies focus on copolymerization of DMAEMA and nBA 
monomers to form stable water-dispersible colloidal particles. The first part focuses on 
the synthesis and stimuli-responsiveness of p(DMAEMA/nBA) aqueous colloidal 
dispersions, whereas the next part is devoted to temperature- and pH-responsiveness of 
coalesced p(DMAEMA/nBA) films and conformational/dimensional changes resulting 
from pH and temperature changes. 
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Experimental Section 
2-(N,N′-dimethylamino)ethyl methacrylate (DMAEMA) was purchased from 
Polysciences Inc. Hexadecyltrimethylammonium chloride (HTAC) solution was 
purchased from Fluka Chemical Co. 2, 2′-Azobisisobutyronitile (AIBN), n-butyl acrylate 
(nBA), and 0.1 N volumetric standard solutions of sodium hydroxide (NaOH) and 
hydrochloride acid (HCl) were purchased from Aldrich Chemical Co. 36.7% 
hydrochloride acid was purchased from VWR Inc. 
 P(DMAEMA/nBA) copolymer was synthesized using the semicontinuous 
emulsion polymerization process outlined elsewhere
19
 which was adapted for a small 
scale polymerization. The reaction flask was immersed in a water bath preheated to 75 °C 
and purged continuously with N2 gas. The reactor was first charged with 27 mL of double 
dionized (DDI) water, and after purging N2 for 30 min, the content was stirred at 300 rpm. 
At this point, pre-emulsion (DDI, 25mL; HTAC, 0.155 g; monomers, 5.6g; and oil-
soluble initiator AIBN, 0.065g) was fed at 0.155 mL/min into the vessel over a period of 
3 h. After completion of pre-emulsion feeding, the reaction was continued for extra 3 h. 
The resulting colloidal dispersion was filtered after cooling to ambient temperature, and 
the pH value of this resulting colloidal dispersion is approximately 8. P(DMAEMA) and 
p(nBA) homopolymers were prepared using the same method.  
 Particle size analysis was performed using a Microtrac Nanotrac particle size 
analyzer (model NPA 250) with an accuracy of ±10 nm. Potentiometric titrations were 
performed at 22 °C using Orion pH meter Model 350 with a glass combination electrode 
(Orion 9202 BN). Autocalibration against standard buffer solutions was done before 
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titration. Standard HCl and NaOH were utilized to adjust pH values of p(DMAEMA/nBA) 
aqueous dispersions to be 2, 4, 6, 8 and 10. 
Molecular weight was determined using gel permeation chromatography (Waters, 
Inc.) equipped with a 515 HPLC pump and a 2414 model refractive index detector. Each 
sample was precipitated in tetrahydrofuran (THF) and eluted through a 5 µm MIXED-C 
column. Elution times were referenced against polystyrene standards, and molecular 
weights of p(DMAEMA/nBA) copolymer and p(DMAEMA) homopolymer were 
238,000 and 187,000 g/mol, and the polydispersity index (PDI) values were 1.31 and 
1.28, respectively. 
 Proton NMR (
1
H NMR) spectrum were acquired using the Varian Mercury 300 
MHz NMR spectrometer. Typical measurement conditions involved 45° pulse, relaxation 
delay 1 s, acquisition time of 1.998 s. The spectrum represents co-addition of 256 scans. 
For 
1
H NMR measurement, 4.03 % w/v of p(DMAEMA/nBA) copolymer was dissolved 
in dimethyl sulfoxide (DMSO). 
 Microscopic attenuated total reflectance Fourier transform infrared (ATR FT-IR) 
spectra were collected on a Bio-Rad FTS-6000 FT-IR single-beam spectrometer set at 4 
cm
-1
 resolution equipped with a deuterated triglycine sulfate (DTGS) detector. A 2 mm 
Ge crystal with a 45° face angle maintaining constant contact pressure between the 
crystal and the specimens was used. An amount of 1 µL of colloidal dispersion was 
placed directly on the Ge crystal and allowed to dry at least 1 h to form a layer of film on 
the crystal. Each spectrum was collected on the film-substrate (F-S) interface with 
attached heating elements and represented 100 co-added scans ratioed to 100 scans 
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collected on an empty ATR cell. All spectra were corrected for spectral distortions by Q-
ATR software using the Urban-Huang algorithm.
20
  
 Polymeric films were prepared by casting colloidal dispersions onto the poly 
(tetrafluoroethylene) (PTFE) substrate and allowed to coalescence at 65% relative 
humidity (RH) for 72 h at 22 °C in an environmental chamber. In a typical experiment, 
approximately 200 µm thick films were obtained and 15×10 mm sections were used for 
dimensional change experiments. Each specimen was equilibrated for 4 h at a given 
temperature before measuring the dimensional changes using a micrometer (Mitutoyo 
Co.) with a precision of ±0.1 µm. For the vapor exposure experiments, alkaline 
p(DMAEMA/nBA) films were sealed together with a beaker containing 20 mL of 36.7% 
HCl in the environment chamber. After 2 h exposure, dimensional changes of resulting 
films were measured.  
 Quantum mechanical semi-empirical calculations were conducted using Material 
Studio software (Accelrys Inc., Version 4.1). Computer modeling simulations were 
performed using a classical (Newtonian) molecular dynamics theory combined with the 
COMPASS force field conditions. In the first step, we created infinite polymer long 
chains containing DMAEMA and nBA monomer units using 3D periodic boundary 
conditions, such that the local thermo-induced flux was set proportional to the local atom 
density changes and local thermodynamic driving forces of the chemical potential. In an 
effort to determine thermodynamic responses of molecular segments, a 23×23×23 Å 
periodic unit cell containing 5 polymer chains and 1185 atoms (1185 asymmetric units) 
was constructed and temperature was the control parameter to simulate the heat exchange 
with the environment. This method involves computing NVT (constant number, volume, 
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and temperature) molecular dynamics at a set temperature using 25000 steps and  25 
picosecond (ps) (dynamic times), followed by another NPT (constant number, pressure, 
and temperature) molecular dynamics with 50000 steps and dynamic times 50 ps, then 
NVE (constant number, volume, and energy) molecular dynamics with 100000 steps and 
100 ps. The purpose of this 3-step process is to simulate energy, volume, and 
conformational changes at different temperatures.  The same unit cell was constructed 
and same 3-step molecular dynamics process was utilized for the protonation simulation, 
but the valence state of amine functional groups was the control parameter. 
Results and Discussion 
In an effort to establish chemical makeup resulting from the synthesis of 
DMAEMA and nBA monomers described in the Experimental Section, IR and 
1
H NMR 
analyses were performed. Figure 3.1, a illustrates ATR FT-IR spectra of p(nBA) and 
p(DMAEMA) homopolymers, and p(DMAEMA/nBA) copolymer, respectively. As seen 
in Trace A, characteristic bands of p(DMAEMA)
21-23
  at 2931 (CH2 asym str) and 2854 
(CH2 sym str) cm
-1
 in the C-H stretching region and the carbonyl ester band at 1730 cm
-1
 
(C=O str) as well as the 1566 cm
-1 
(C-N str) bands due to aminoethyl groups are detected. 
Trace B illustrates IR spectrum of p(nBA) with the characteristic bands at 2960 (CH3 
asym str), 2873 (CH3 sym str) and 1734 (C=O str) cm
-1
, whereas Trace C illustrates the 
spectrum of p(DMAEMA/nBA) copolymer. As anticipated, selected bands in the 2900-
3000 cm
-1
 and 1350-1500 cm
-1
 regions due to C-H stretching and CH2/CH3 deformation 
modes overlap with the p(nBA) and p(DMAEMA) spectra. Characteristic broadening and 
a shift of the carbonyl ester band at 1732 cm
-1
 with the band due to (amino)ethyl groups 
at 1566 cm
-1
 confirms copolymerization. Further evidence of copolymerization is 
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illustrated in the 
1
H NMR spectrum of p(DMAEMA/nBA) recorded at 25 °C in DMSO. 
As shown in Figure 3.1, b, typical resonances at 0.85 (-CH2-CH3) and 3.8-4.2 (-O-CH2) 
ppm arising from the copolymerization of nBA units,
24
 whereas the peaks at 1.2 (-C-CH3), 
2.6 (-CH2-N), 2.7 (-N-(CH3)2)) and 3.8-4.2 (-O-CH2) ppm are due to DMAEMA units.
22, 
23
 The resonance at 2.5 ppm is due to DMSO solvent. These spectroscopic data 
demonstrate that DMAEMA and nBA monomers are copolymerized for the feed ratio of 
1:1 during free radical semicontinuous copolymerization. The reactivity ratios (rnBA = 0.5; 
rDMAEMA = 1.8)
25
 for both monomers suggest that a random DMAEMA rich 
p(DMAEMA/nBA) copolymer was prepared, and the copolymerization yield 75 %. The 
copolymer composition determined from the NMR data was DMAEMA/nBA=0.54/0.46. 
The remaining parts of this paper will focus on thermal and pH stimuli-responsiveness of 
p(DMAEMA/nBA) colloidal particles in an aqueous  and solid states. 
Figure 3.2 illustrates thermal responsiveness of p(DMAEMA/nBA) copolymer 
and p(DMAEMA) homopolymer colloidal particles as a function of temperature at pH 8. 
As shown in Figure 3.2, a, Curve A, as temperature increases from 22 to 50 °C, the 
particle size of p(DMAEMA/nBA) particles decreases from 148 to 80 nm which, 
according to the literature
10, 26, 27
 was presumably attributed to hydrogen bonding and 
hydrophobic interactions. The visual illustration of the particle size changes is illustrated 
on the enclosed photographs in Figure 3.2, a, where clear and turbidity/translucent 
dispersions are observed upon reversible cooling and heating cycles of the colloidal 
solution. However, unlike homopolymer of p(DMAEMA), which exhibits a narrow 
transition at 40 °C shown as Curve B of Figure 3.2, a, the particle size of 
p(DMAEMA/nBA) copolymer particles decreases gradually over the 27-37 °C 
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temperature range, which is attributed to the presence of nBA units. The first derivative 
of the particle size curves is plotted in Figure 3.2, b and, as expected, the bell-shape curve 
for p(DMAEMA/nBA) is observed, whereas the p(DMAEMA) homopolymer exhibits a 
single temperature transition. These data illustrate that copolymerization of nBA and 
DMAEMA monomers broadens and lower the LCST transition maximum, and this 
transition is referred to as the second-order low critical solution temperature (II-LCST) 
transition.
18
 
In an effort to establish pH responsiveness of these dispersions, particle size was 
analyzed as a function of pH at the 22-50 °C temperature range. Figure 3.3, a illustrates 
pH and temperature responses of p(DMAEMA/nBA) copolymer colloidal dispersions. As 
seen, the particle size increases from 139 to 205 nm as the pH values decrease from 10 to 
2 at 22 °C. This behavior was attributed to the protonation of the tertiary amine 
functional groups which causes the p(DMAEMA/nBA) colloidal particles to swell as the 
copolymer chains repel each other due to electrostatic interactions.
17
 Full protonation and 
swelling are achieved under acidic conditions, which is responsible for significantly 
larger particle sizes detected at pH values of 2 and 4. Another observation is the shift of 
the II-LCST transition from 27-37 °C at the pH values of 6-10, to 30-40 °C at pH values 
of 2-4, as illustrated by plotting the first derivative of the particle size vs temperature in 
Figure 3.3, b. Although this behavior was attributed to the increased hydrophilicity
7
 
resulting from ionization of DMAEMA components taking place along the copolymer 
chains, as further analysis will show, the side group mobility plays a significant role in 
the dimensional changes. To summarize the solution behavior, copolymerization of 
DMAEMA and nBA monomers maintains thermal- and pH-responsiveness of colloidal 
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particles, which is the prerequisite for creating dual-responsive solid p(DMAEMA/nBA) 
films. 
Before we attempt to understand molecular level processes responsible for dual 
stimuli-responsive behavior it is a useful exercise to determine 3D dimensional changes 
in p(DMAEMA/nBA) solid state films as a function of temperature and pH. For that 
reason, dimensional changes of p(DMAEMA/nBA) films coalesced under different pH 
aqueous conditions were measured in x (length), y (width), and z (thickness) directions. 
While Figure 3.4 illustrates the plots of pH, temperature, and dimensional changes, Table 
3.1 provides the numerical data. As seen, for all pH values, the relative film length, width, 
thickness (x, y, and z directions), and the total volume diminish as the temperature 
increases from 22 to 50 °C. Interestingly enough, less pronounced dimensional changes 
are observed for films with lower pH values, which is attributed to the positively charged 
tertiary amine groups as they repel each other and resist the shrinkage of 
p(DMAEMA/nBA) copolymer chains at T>TSR. It should be also noted that for the films 
coalesced from acidic solutions, significant dimensional changes are detected at higher 
temperatures compared to the same films formed from alkaline conditions. For acidic 
conditions significant shrinkage begins at 30 °C, whereas for alkaline at 28 °C. These 
changes correspond to the shift of the TSR due to pH changes and agree with the data 
discussed in Figure 3.3.  
To determine 3D directional response of p(DMAEMA/nBA) films to 
environmental pH changes coalesced films were exposed to HCl vapors. The reactions 
leading to protonation and the resulting dimensional changes are depicted in Figure 3.5. 
As illustrated, after HCl expose (Experimental Sections provide details of the 
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experimental conditions), alkaline p(DMAEMA/nBA) films show expansions in x 
(length), y (width), and z (thickness) directions, which results in the total of 18% volume 
increase. At the same time, the relative film length, width, and thickness increase by 
3.3%, 3.2% and 11.2% respectively. These dimensional changes are summarized in Table 
3.2, and the overall dimensional expansion is attributed to the protonation of tertiary 
amine side groups which force the polymer backbone to expand and minimize repulsion 
around the positive charged centers.  
While the above discussion centered around dual responsiveness leading to 
macroscopic changes of p(DMAEMA/nBA) films, the main question is what molecular 
entities are responsible for these macroscopic observations. Figure 3.6 illustrates ATR 
FT-IR spectra of p(DMAEMA/nBA) copolymer films as a function of pH changes.  As 
seen, the bands at 2706 (N-H str), 2516, 2480 (N-H
+
 str), and 1100-930 (N-H
+
 def) cm
-1
 
due to the quaternary amine salts are detected under acidic conditions, which confirm the 
protonation reactions generating positive charged quaternary amine functional groups. 
Interestingly enough, the bands at 2931 (CH2 asym str), 2854 (CH2 sym str), and 1566 
(C-N str)  cm
-1 
due to (dimethylamino)ethyl functional groups of DMAEMA units 
decrease as the pH changes from 10 to 2. This is attributed to hybridization changes of 
amine groups from none-protonated to fully protonated state, driven by inversion 
between hindered amines isomers, as the lone pair of electrons of the tertiary amine have 
been replaced by the hydrogen atoms in quaternary ammonium ions.  
Because pH changes significantly affect the copolymer chains structure and 
hybridization state, the next question is how these changes will influence 
p(DMAEMA/nBA) thermal responsiveness. Again, ATR FT-IR spectra of 
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p(DMAEMA/nBA) copolymer films at varies pH values were measured as a function of 
temperature, and the results are summarized in Figure 3.7. As seen, for 
p(DMAEMA/nBA) films at pH values of 2 and 4, the bands at 2706 (N-H str), 2516, 
2480 (N-H
+
 str), 1566 (C-N str) and 1100-930 (N-H
+
 def) cm
-1 
decrease. However, for 
alkaline p(DMAEMA/nBA) films (Figure 6d and 6e), the bands at 2931 (CH2 asym str), 
2854 (CH2 sym str), and 1566 (C-N str) cm
-1 
decrease significantly faster with 
temperature. At pH=6, p(DMAEMA/nBA) films are in the partially protonated state, thus 
the bands intensities decrease for both acidic and alkaline conditions. As anticipated, 
these changes are attributed to the rearrangements and collapse of polymeric chains 
above TSR. It should be also noted that, regardless whether protonated (acid) or none-
protonated (basic), the band intensities decrease is mainly attributed to the 
(dimethylamino)ethyl functional groups of the DMAEMA component. Moreover, no 
intensity decreases are observed for the C-H stretching vibrations at 2960 (CH3 asym str) 
and 2873 (CH3 sym str) cm
-1
 of nBA units, thus indicating that the conformational 
changes above TSR occur within the DMAEMA moiety of the copolymer, while nBA 
segments, specifically the butyl ester pendant groups, participate in the conformational 
changes.  
 To further understand molecular changes and dynamics of p(DMAEMA/nBA) 
films to pH and temperature responses, computer modeling experiments using molecular 
thermodynamics simulations were employed. Infinite polymer long chains were created 
by packing energy minimized DMAEMA/nBA units in a random sequence under 3D 
periodic boundary conditions, and details of the computational analysis were provided in 
the Experimental Section. Visualizations of the simulation results are depicted in Figure 
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3.8. As temperature increases above TSR, the unit cells become denser and significant 
conformational changes occur. As a result of the chain collapse in response to 
temperature changes, the calculated total energy (Etotal) of the system depicted in Figure 
3.8, which comprises of the potential (Epot) and kinetic energy (Ekin), increases by 223 
kcal/mol (from 2753 to 2976 kcal/mol). At the same time, Epot changes by 131 kcal/mol 
(from 1668 to 1799 kcal/mol), and Ekin by 92 kcal/mol (from 1084 to 1176 kcal/mol). 
Since the Epot accounts for conformational changes of the unit cell and Ekin for the kinetic 
energy which is proportional to temperature, the larger Epot changes suggest that the 
collapse of the copolymer chains at T> TSR results in significant conformational changes. 
Furthermore, molecular dynamics simulations show that during this process, the volume 
(V) decreases by 21.6% (from 12.15 to 9.52 nm
3
), which is in agreement with the 
experimental data (29.6%) discussed in Figure 3.4. However, in the case of protonation, 
the unit cells become less crowded and the copolymer chains extend outside the unit cell. 
In this case, the calculated energies do not show significant changes, but the volume 
increases by 13.2% (from 12.15 to 13.75 nm
3
), which also agrees with the experimental 
data (18.6%). The inserts A, A΄ and A˝ of Figure 3.8 depict predicted conformational 
changes along the polymer backbone axis (dashed line). As seen in insert A΄, at T=45 °C 
(above TSR) butyl ester side groups still occupy a significant volume, while 
(dimethylamino)ethyl functional groups of DMAEMA units collapse to form bulky 
spheres. It is also apparent that the copolymer backbone twists and buckles inwards 
which is another contributing factor to the overall volume decrease. In the protonated 
state shown as insert A˝ of Figure 3.8, the side groups are repelled away from each other 
and stretch out in all x, y and z directions. Also, the hybridization states of amine groups 
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before and after protonation are depicted in inserts B and B΄. It should be noted that 
numerous studies if polymeric solutions with thermal sensitivity indicated that hydrogen 
bonding is the primary source for stimuli responsiveness. Both experimental and 
theoretical data shown in this study clearly indicated that it is not necessary for thermal 
and pH responsiveness in polymeric films. In the case of p(DMAEMA/nBA), the 
collapse of the DMAEMA units and buckling of the polymer backbone results from the 
minimum potential energy changes that causes conformational changes. Furthermore, 
numerous studies on temperature-sensitive PNIPAAm thin films showed single-
directional responsiveness.
5-7
 In contrast, for thick p(DMAEMA/nBA) films developed in 
this study there is three directional responsiveness sensitive to temperature and pH 
changes. 
 It should be pointed out that in the previous studies
18
 on p(DL-HMPMA/nBA) 
films shrinkage in x-y directions, while expansion in the z direction at T>TSR were 
observed. This behavior was attributed to the buckling of the copolymer backbone and 
orientational changes of the side groups from preferentially parallel to perpendicular 
orientations. However, for p(DMAEMA/nBA) films, the shrinkage in all directions and 
no significant orientational changes of side groups are observed. These differences result 
from the presence of amide side groups in DL-HMPMA and ester side groups in 
DMAEMA. The latter exhibits lesser possibility of forming inter/intra molecular 
interactions with itself or butyl ester pendant groups of nBA units. Thus, conformational 
changes in the TSR transition range may have lesser effect on the overall orientational 
changes of the side groups. It should be also noted that except ester, amine functionalities 
are present along one side groups in DMAEMA to provide pH-responsiveness. As a 
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result, the side groups orientation will be random when (dimethylamino)ethyl ester 
groups response to the temperature changes. In the same manner, when amine groups 
respond to pH changes, the ester groups will randomize the orientation of the side groups. 
As a consequence, no specific side groups orientational changes are detected in 
p(DMAEMA/nBA) films upon pH or temperature changes. 
Conclusions 
In these studies novel p(DMAEMA/nBA) colloidal particles as well as coalesced 
films that retain temperature- and pH-responsiveness were prepared. The particle size of 
p(DMAEMA/nBA) aqueous dispersions diminishes from 148 to 80 nm as the 
temperature increases, but when pH decreases from 10 to 2, the particle size increases 
from 139 to 205 nm. Coalesced films obtained from colloidal particles of 
p(DMAEMA/nBA) also show pH- and temperature-responsive behaviors. Spectroscopic 
data show that the pH-responsive behavior is attributed to the hybridization state changes 
of amine groups as a result of protonation/deprotonation reactions, whereas the 
temperature-response is attributed to the collapse of (dimethylamino)ethyl functional 
groups in DMAEMA. Computer modeling experiments showed that total volume (V) 
increases by 13.2 % and decreases by 21.6% at the protonation and T>TSR states, 
respectively, which are in agreement with the 3D dimensional experimental data: 
expansion upon pH changes and shrinkage in all the directions upon temperature changes 
occur. 
 
 
 
99 
 
Table 3.1  
3D Directional Response of p(DMAEMA/nBA) Films: (a) Film Length, (b) Film Width, (c) 
Film Thickness and (d) Total Film Volume Changes as a Function of Temperature and 
pH 
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Table 3.2  
Dimensional Changes of p(DMAEMA/nBA) Films Exposed to HCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Relative Length 
(%)
Relative Width 
(%)
Relative Thickness 
(%)
Relative Volume 
(%)
Basic 100 100 100 100
Acidic 103.3 103.2 111.2 118.6
Table 1. 3D Dimensional Changes of p(DMAEMA/nBA) Films Expose to HCl
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Figure 3.1. (a) ATR FT-IR spectra of: A–p(DMAEMA); B–p(nBA); C–
p(DMAEMA/nBA); and (b) 
1
H NMR spectrum of p(DMAEMA/nBA) in DMSO.  
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Figure 3.2. (a) Particle size and (b) its first derivative of: A–p(DMAEMA/nBA); B–
p(DMAEMA) plotted as a function of temperature. 
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Figure 3.3. (a) Particle size and (b) its first derivative of p(DMAEMA/nBA) at different 
pH values plotted as a function of temperature. 
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Figure 3.4. 3D directional thermal and pH response of p(DMAMEA/nBA) films: (a) film 
length, (b) film width, (c) film thickness and (d) total film volume changes plotted as a 
function of temperature and pH; (□) pH=2; (○) pH=4; (Δ) pH=6; (◊) pH=8; (   ) pH=10. 
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Figure 3.5. 3D directional response of p(DMAEMA/nBA) films expose to HCl vapour; 
(a) protonation reactions; (b) dimensional changes of p(DMAEMA/nBA) films. 
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Figure 3.6. ATR FT-IR spectra of p(DMAEMA/nBA) recorded as a function of pH at 
25 °C; Trace A–pH= 10; B–pH=8; C–pH=6; D–pH=4; E–pH=2. 
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Figure 3.7. ATR FT-IR spectra of p(DMAEMA/nBA) films at different pH values: (a) 
pH=2; (b) pH=4; (c) pH=6; (d) pH=8; and (e) pH=10; recorded as a function of 
temperature; Trace A–25 °C; B–30 °C; C–35 °C; D–40°C; E–45 °C. 
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Figure 3.8. Results of computer simulations representing volume and conformational 
changes resulting from temperature and valence changes; inserts A, A΄ and A˝ illustrate 
molecular conformation below and above TSR as well as upon protonation; B and B΄ 
illustrate the hybridization states of amine groups before and after protonation.  
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CHAPTER IV 
COLLOIDAL FILMS THAT MIMIC CILIA 
Introduction 
 Cilia are wavy hairs that are capable of sensing as well as being able to create 
synchronized motions resulting in translational movements of an object with respect to its 
surroundings. These entities like appendages extend from surfaces and serve numerous 
biological functions, ranging from protecting organs to sensing other species, or 
responding to physico-chemical changes of the environment. While most known features 
of cilia are their ability of synchronized movements through liquids, they also serve as 
thermo-receptors capable of changing dimensions upon temperature changes, chemo-
sensors able to detect gases, or photo-receptors responding to electromagnetic radiation. 
If we are able to combine these properties into one cilium-like entity, we may create 
materials that point toward the Sun, like sunflowers on a sunny day, or turn away at dark, 
thus being able to receive and convert electromagnetic energy into other forms or, with 
new advances, respond in an orchestrated manner to thermal, chemical, or mechanical 
fluctuations of the surroundings.  
While Mother Nature mastered the formation and growth of cilia in a variety of 
living organisms, mimicking stimuli-responsive structures represent significant scientific 
and technological challenges.
1
 According to biological studies, primary cilia typically 
serve as sensors
2
 for sight, smell, and mechanosensation, whereas motile cilia provides 
mechanical responses. However, recent studies pointed out that even motile cilia are also 
capable of chemosensing,
3
 suggesting that perhaps both cilia share similar molecular 
features capable of multi-functional responses. A few attempts to mimic cilium-like 
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behavior have been made, and among notable advances, theoretical studies
4
 have 
demonstrated that 3D movements of actuated cilia can be stimulated by a sinusoidal force 
to regulate the fluid streams in microfluidic devices
4
 and organisms.
5
 Recently developed 
liquid-crystal network actuators
6
 are intriguing examples how light can activate 
molecular segments to mimic cilia motions or how self-healing of amorphous polymeric 
networks occurs upon exposure to UV radiation.
7
  
Experimental Section 
 2-(N,N′-dimethylamino)ethyl methacrylate (DMAEMA) (97%) was purchased 
from Polysciences Inc. N,N′-dimethyl-4,4'-azodianiline (DMAZO) (97%), acryloyl 
chloride (ACl) (97%),  triethylamine (TEA) (99.5%), 4-(dimethylamino)pyridine (DMAP) 
(99%), dioctyl sulfosuccinate sodium salt (SDOSS) (98%), 2, 2'-azobisisobutyronitile 
(AIBN) (98%), n-butyl acrylate (nBA) (99.9%), tetrahydrofuran (THF) (99.9%), 
methanol (99.9%), 28% ammonium hydroxide and 0.1 N volumetric standard solutions of 
sodium hydroxide (NaOH) and hydrochloride acid (HCl) were purchased from Aldrich 
Chemical Co. 36.7% hydrochloride acid was purchased from VWR Inc.  
N,N′-(dimethylamino)azobenzene acrylamide (DMAAZOAm) monomer was 
synthesized starting from DMAZO monomer. A mixture of 1.05 g DMAZO, 0.57 g 
DMAP, and 90 mL THF was stirred in an ice bath at 0 °C and purged continuously with 
N2 gas. Then, 0.55 g ACl and 0.53 g TEA in 5 mL THF, respectively, were added drop-
wise over a period of 2 h. Upon completion, the reaction was allowed to continue for 36 h 
at room temperature. The resulting mixture was repeatedly filtered, washed, and the 
product was recrystallized from methanol with a yield of 48.5 %. Such prepared 
DMAAZOAm monomer was copolymerized with nBA and DMAEMA. 
113 
 
P(DMAEMA/nBA/DMAAZOAm) copolymer was synthesized using the 
semicontinuous emulsion polymerization process outlined elsewhere
8-10
 which was 
adapted for a small scale polymerization. The reaction flask was immersed in a water 
bath preheated to 72 °C and purged continuously with N2 gas. The reactor was first 
charged with 27 mL of double dionized (DDI) water, and after purging with N2 for 30 
min, the content was stirred at 350 rpm. At this point, pre-emulsion (DDI-25 mL; 
SDOSS-0.29 g; 5.615 g of DMAEMA/nBA/DMAAZOAm monomers at the 
51.0/48.8/0.12 ratio, and oil-soluble initiator AIBN-0.1 g) was fed at a 0.158 mL/min rate 
into the vessel over a period of 3 h. After completion, the reaction was continued for 
additional 21 h. The resulting colloidal dispersion was filtered upon cooling to ambient 
temperature and pH=8 determined by potentiometric titration were obtained. 
P(MMA/nBA/DMAAZOAm) and p(DMAEMA/nBA) copolymers were prepared using 
the same method.  
Particle size analysis was performed using a Microtrac Nanotrac particle size 
analyzer (model NPA 250) with an accuracy of ±10 nm. Potentiometric titrations were 
performed at 22 °C using Orion pH meter Model 350 with a glass combination electrode 
(Orion 9202 BN). Autocalibration against standard buffer solutions was completed before 
the titration. Standard HCl and NaOH were utilized to adjust pH values of aqueous 
dispersions.  
Molecular weight was determined using gel permeation chromatography (Waters, 
Inc.) equipped with a 515 HPLC pump and a 2414 model refractive index detector. Each 
sample was precipitated in tetrahydrofuran/triethylamine (THF/TEA=9:1) and eluted 
through a 5 µm MIXED-C column. Elution times were referenced against polystyrene 
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standards, and molecular weights (Mw) of p(DMAEMA/nBA/DMAAZOAm), 
p(MMA/nBA/DMAAZOAM), and p(DMAEMA)/nBA) were 106,000, 121,000, and 
187,000 g/mol, respectively.  
1
H NMR spectra were acquired using the Varian Mercury 300 MHz NMR 
spectrometer. Typical measurement conditions involved 45° pulse, relaxation delay 1 s, 
acquisition time of 1.998 s and each spectrum represents a co-addition of 256 scans. For 
1
H NMR measurements, 5.15 % w/v of p(DMAEMA/nBA/DMAAZOAm) and 4.03 % 
w/v of p(DMAEMA/nBA) copolymers were dissolved in dimethyl sulfoxide (DMSO), 
respectively, and 4.98 % w/v of DMAAZOAm was dissolved in chloroform (CDCl3). 
UV-Vis absorption spectra were measured using a Varian Cary 500 Scan UV-vis NIR 
spectrophotometer. P(DMAEMA/nBA/DMAAZOAm) colloidal dispersions were diluted 
with DDI water to 6×10
-5
 mol/L and placed in a quartz cell with a 10 mm pathlength. The 
same dispersions were coalesced to form solid films which were attached on a quartz 
substrate with 0.5 mm pathlength. Fluorescence spectra were recorded using a Perkin-
Elmer luminescence spectrometer LS50B (FL Win Lab). In a typical experiment, 
~3.5×10
-4 
mol/L solution was placed in a capped quartz cell with a 10 mm pathlength, 
and 286, 410, and 535 nm wavelength were used as the excitation source. 
Polymeric films were prepared by casting colloidal dispersions onto poly 
(tetrafluoroethylene) (PTFE) substrate and allowed to coalescence in an environmental 
chamber at 42% relative humidity (RH) for 72 h at 25 °C. In a typical experiment, 
approximately 80 µm thick and 10×3 mm size films were utilized controlled humidity, 
temperature, vapor exposure, or UV exposure conditions. The cilia-like surface 
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morphologies were created by attaching a velcro-like surface to partially coalesced films, 
followed by pulling up the surface and allowing further coalescence. 
Raman spectra were obtained using a Renishaw inVia Raman microscope 
equipped with a computer controlled three-axis encoded (X, Y, Z) motorized stage, a 
RenCam CCD detector, and a Leica microscope (DMLM series). The 785 nm diode laser 
provided an excitation source with a maximum power output of 300 mW. The films were 
placed on the gold surface and each Raman spectrum was collected at a 100 mW laser 
power and an acquisition time of 10 sec. Microscopic attenuated total reflectance Fourier 
transform infrared (ATR FT-IR) spectra were collected on a Bio-Rad FTS-6000 FT-IR 
single-beam spectrometer set at 4 cm
-1
 resolution equipped with a deuterated triglycine 
sulfate (DTGS) detector. A 2 mm Ge crystal with a 45° face angle maintaining constant 
contact pressure between the crystal and the specimens was used. 
Surface morphologies of coalesced films were analyzed using an FEI Quanta 200 
scanning electron microscope (SEM). All specimens were sputter-coated for 2.5 min 
under an Ar atmosphere using Emitech K550X Gold Sputter Coater and SEM analysis 
was performed using a 20 kV accelerated voltage.  
Quantum mechanical semi-empirical calculations were conducted using Material 
Studio software (Accelrys Inc., Version 4.1) and computer modeling simulations were 
performed using the PCFF force field conditions. In the first step, we created infinite 
copolymer long chains containing DMAEMA, nBA, and DMAAZOAm monomer units. 
In an effort to determine thermodynamic responses of molecular segments a 25×25×25 
Å
3
 periodic unit cell containing 972 atoms (972 asymmetric units) was constructed, and 
temperature as well as protonated state of azo containing DMAAZOAm component were 
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the control parameters to calculate conformational changes and energy differences 
resulting from temperature and protonation conditions. The results of computer modeling 
experiments are summarized in Table 4.1. 
Results and Discussion 
Figure 4.1, A illustrates a photograph of responses achieved by the exposure of 
cilia-like films to temperature, pH, or UV light. As seen in Figure 4.1, A-a, at 25 °C, the 
cilium-like structures are in an upright position, but when the stimulus is applied, they 
collapse which is illustrated in Figure 4.1, A-b, and this process is stimulus-direction 
sensitive and reversible. 
The images shown in Figure 4.1, A were obtained by forming films from poly(2-
(N,N′-dimethylamino)ethyl methacrylate/n-butyl acrylate/N,N′-(dimethylamino) 
azobenzene acrylamide) (p(DMAEMA/nBA/DMAAZOAm)) copolymer particles, and 
the choice of these components was dictated by their ability to chemical (DMAEMA and 
DAMAZOAm), thermal (DMAEMA) and electromagnetic (DMAAZOAm) responses.
11-
13
 The copolymer structure at pH=8 is shown in Figure 4.1, B-a and pH changes induced 
trans→cis transitions illustrated in Figure 4.1, B-b and c. Figure 4.1, C-a and b also 
illustrate temperature responses of DMAEMA component, whereas Figure 4.1, D-a and b 
show responses to light radiation also leading to trans→cis conformational changes. 
While stimuli-responsiveness of each component shown in Figure 4.1 was predicted 
using molecular simulations which will be discussed later, and the main focus of these 
studies deals with experiments leading to cilia-like synthesis and responsiveness. 
Appendix A provides detailed chemical structure and computational analysis as well as 
solution and solid state characterizations of these materials. 
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In an effort to illustrate responses that mimic cilia behavior, Figure 4.2, A-a and b 
illustrate responses of one side of p(DMAEMA/nBA/DMAAZOAm) filament upon 
exposure to hydrochloride acid (HCl) vapors for 2 min, which corresponds to the surface 
acidity of pH=2. As seen, the specimen bends towards the acidic atmosphere and the 
color changes from yellow to red. This process can be reversed by the exposure of the 
same side to ammonium hydroxide (NH4OH) vapors, which is illustrated in Figure 4.2, 
A-b′, where the original upright shape is achieved again when pH=8. Longer exposures to 
acidic vapors at pH=1 cause further bending and the red to purple color changes. This is 
illustrated in Figure 4.2, A-c and the process is reversible again upon exposure to basic 
conditions at pH=8, thus restoring the original upright position as well as the color 
recovery (Figure 4.2, A-c′).  
 A unique feature of these materials is their ability of changing colors. As 
illustrated in Figure 4.2, B-a, b, and c, copolymer films upon exposure to acidic 
environments changes colors from yellow to red and purple. The reversibility of this 
process is achieved again by the exposure to basic conditions. Furthermore, when the 
same specimen is exposed to 302 nm UV excitation source, a strong fluorescence is 
observed. As shown in Figure 4.2, B-af′, bf′, and cf′, emissions of green, red, and violet 
fluorescence under basic (pH=8), acidic (pH=2), and highly acidic (pH=1) conditions are 
observed. Exactly the same color and fluorescence emissions are observed for 
p(DMAEMA/nBA/DMAAZOAm) colloidal dispersions at pH=8, 2, and 1 which are 
shown in Figure 4.2, C (a, b, c and af′, bf′, cf′). 
Closer analysis of fluorescence emission as a function of excitation wavelength 
under basic and acidic conditions is shown in Figure 4.2, C. The fluorescence spectra of 
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p(DMAEMA/nBA/DMAAZOAm) recorded with the 286 nm excitation at pH = 8, 2 and 
1 are shown in Figure 4.2, C-a′, b′, and c′, respectively, and the strong emission band with 
the maximum at 342 nm is detected which is due to π-π* transitions, but does not 
contribute to fluorescence emission. The same experiments were conducted utilizing 410 
(Traces a″, b″, and c″) and 535 nm (Traces a′″, b′″, and c′″) excitations and these 
excitation wavelengths were chosen because of the position of the absorption bands due 
to n-π* (410 nm) transitions and the presence of new transition (535 nm) resulting from 
protonation of azobenzene entities leading to quinoid structures.  
As shown in Figure 4.2, C, the fluorescence emission spectra are also a function 
of pH. At pH=8 upon 410 nm excitation, the band at 525 nm (n-π*, S1) is due to green 
fluorescence emission, and the Raman spectra recorded as a function of UV irradiation 
and pH shown in Appendix A (Figure A.A.5, B-I and II) support structural and 
conformational changes. At pH=8, the trans→cis photo-conversion occurs upon 
excitation. However, upon protonation at pH=2, the red emission at 624 nm is detected 
which results from conformational and structural changes giving an intermediate state, 
where the protonated azo structures dominate the equilibrium between the azo and 
quinoid structures (Figure 4.2, D-b). This is again supported by the Raman data shown in 
Appendix A (Figure A.A.5, B-II.) At pH=1, the equilibrium is shifted further and the 
structurally dominating species is quinoid shown in Figure 4.2, D-c. At the same time, 
only cis conformation is present. These structural and conformational features result in 
the emission of violet light shown in Figure 4.2, C, which is a combination of purple and 
red emissions, with the fluorescence maxima at 370 and 636 nm. In summary, the unique 
features of these materials are the simultaneous chemical and photochromic responses 
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induced by trans→cis molecular rearrangements and the formation of DMAAZOAm 
quinoid structures. To support experimental evidence of local molecular entities leading 
to shape and color changes molecular modeling experiments before and after protonation 
were conducted. Figure 4.1, B-a, b, and c illustrate the protonation effect leading to 
trans→cis conformational changes of DMAAZOAm groups which results in color 
changes from yellow to red and purple under pH=8, 2, and 1 conditions, respectively. The 
calculated potential energy difference before and after protonation is -10.4 
kcal/mol/repeat unit, indicating that the protonation induced cis conformations are 
thermodynamically favorable under acidic conditions. The localized kinetic energy 
difference is only -0.6 kcal/mol/repeat unit, signifying DMAEMA group stability. 
Simultaneous dimensional changes of the exposed sides are attributed to the shrinkage 
upon trans→cis conformational changes, thus causing bending toward the source of 
stimulus. 
 Figure 4.3 also illustrates how temperature changes on one side of the specimen 
actuate the motion. As shown, the specimen bends towards the side of the elevated 
temperature, and as illustrated in Figure 4.3, A-a and b, temperature changes from 25 to 
50 °C actuate the process. The specimen goes back to its original upright position upon 
exposure of the other side (Fig. 4.3, A-c), and the process can be repeated many times by 
exposing either side. This is illustrated in Figure 4.3, A-a′, b′, and c′ and this behavior is 
attributed to the collapse of the thermal-responsive DMAEMA component, thus leading 
to the shrinkage of the exposed side. Spectroscopic evidence confirming that the 
(dimethylamino) ethyl groups of DMAEMA are responsible for this behavior is provided 
in Figure A.A.6 of the Appendix A.  
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 Previous studies have shown that copolymers with stimuli-responsiveness exhibit 
endothermic stimuli-responsive transitions (TSR).
8, 14
 To further realize molecular changes 
and dynamics of stimuli-responsiveness of these materials computer simulations above 
and below the TSR were conducted. The results shown in Figure 4.1, C-a and b, illustrate 
that when T>TSR, the side groups of the DMAEMA component collapse to form bulky 
denser spheres, while the copolymer backbone twists and buckles inwards, thus 
contributing to the overall shrinkage of the exposed side which, in turn causes bending. 
The calculated potential energies below and above TSR are -14 and 1.3 kcal/mol/repeat 
unit, respectively, indicating that the collapse of the DMAEMA component and buckling 
of the backbone induces higher localized chain packing, thus increases the potential 
energy by ~15 kcal/mol/repeat unit. At the same time, the localized kinetic energy 
increases by ~9 kcal/mol/repeat unit, thus mainly the process endothermic, which is in 
agreement with DSC measurements.
14
 These localized changes are also reflected in 
surface morphologies, and Figure 4.3, B-a illustrates SEM images of 
p(DMAEMA/nBA/DMAAZOAm) at 25 °C, which exhibit higher surface area and 
rougher surface morphologies. Upon exposure to 50 °C, smoother surfaces are observed 
due to the collapse and shrinkage of the DMAEMA component. This is illustrated in 
Figure 4.3, B-b. 
 Figure 4.4 illustrates responses of p(DMAEMA/nBA/DMAAZOAm) copolymer 
filament to UV radiation. The 302 nm UV exposure (Figure 4.4, a-c) results in bending 
toward the light source and this process is reversed by illuminating the other side of the 
specimen. As shown in the sequence of exposures illustrated in Figure 4.4, a-e, the 
process can be repeated many times by alternating 302 and 403 nm wavelength 
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irradiation, and inserts b′-e′ show SEM images of the illuminated surfaces which become 
rougher upon 302 nm exposure whereas, 403 nm exposure results in smoother surfaces. 
The choice of the 302 and 403 nm wavelength was dictated again by the position of 
absorption bands due to π-π* (maximum at 286 nm) and n-π* (maximum at 410 nm) 
transitions. Similar to the temperature stimuli, the side of the specimen exposed to the 
radiation collapses, thus causing surface shrinking manifested by higher surface areas 
illustrated in SEM experiments. While Figure A.A.5, B-I in Appendix A provides 
spectroscopic evidence for trans→cis conformational changes of DMAAZOAm upon UV 
irradiation, Figure 4.1, D-a and b illustrated the results of computer modeling 
experiments which support the experimental evidence that trans→cis conformational 
changes of DAMAZOAm are responsible for localized dimensional changes and the 
calculated potential energies for trans and cis conformations are -14 and 3.7 
kcal/mol/repeat unit, respectively, showing that the trans conformation is more 
thermodynamically favorable, and the trans→cis conversion requires ~18 kcal/mol/repeat 
unit. The kinetic energy remains almost unchanged (-0.3 kcal/mol/repeat unit), thus 
indicating stable side group mobilities. It should be noted that trans conformations of 
DMAAZOAm is more favorable unless being in a protonated state. Also, DMAEMA 
component is energetically favorable in the extended state below TSR. 
Conclusions 
In these studies, we developed a new copolymer that facilitates the formation of 
cilia-like morphologies capable of shape and color changes as a result of exposure to 
chemical, thermal, and electromagnetic stimuli. These materials offer many possibilities 
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of multi-sensing of chemical, thermal, and electromagnetic changes by mechanical and 
chromophonic responses that may be critical in a number of future technologies. 
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Table 4.1 
The Results of Computer Modeling Experiments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
25 °C
pH
ProtonatedNon-Protonated
Temperature
50 °C
UV
CisTrans
kcal/mol/ 
repeat unit
Potential Energy
Kinetic Energy
Total Energy
-14.77 -25.12 -14.77 1.32
4.56 3.89
-10.21 -21.23
4.56 13.41
-10.21 14.73
-14.77 3.77
4.56 4.15
-10.21 7.92
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Figure 4.1. (A) Optical images of p(DMAEMA/nBA/DMAAZOAm) copolymer that 
exhibit cilia-like morphology capable of reversible responses to temperature, pH, and 
electromagnetic radiation; (B) Computer simulations of conformational changes of 
p(DMAEMA/nBA/DMAAZOAm) copolymer under pH=8 (a), pH=2 (b), and pH=1 (c) 
conditions; (C) Computer simulations of p(DMAEMA/nBA/DMAAZOAm) copolymer 
at 25 °C (a) and 50 °C (b); (D) Computer simulations of trans (a) and cis (b) 
conformations of p(DMAEMA/nBA/DMAAZOAm). 
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Figure 4.2. (A) Shape and color changes of p(DMAEMA/nBA/DMAAZOAm) specimen: 
a-pH=8 (yellow color); b-pH=2 (HCl vapor-2 min, red color); b′-pH=8 (NH4OH vapor-
10 min, yellow color); c-pH=1 (HCl vapor-5 min, purple color); c′-pH=8 (NH4OH vapor-
25 min, yellow). (B) Color changes of p(DMAEMA/nBA/DMAAZOAm) films as a 
function of base/acid exposure: pH=8 (a), pH=2 (b), and pH=1 (c); Fluorescence 
emissions upon 302 nm UV exposure of a, b, and c: af′-pH=8; bf′-pH=2; cf′-pH=1. 
(Photographs were obtained using B+W 62mm 415 UV filter). (C) Colloidal dispersions 
of p(DMAEMA/nBA/DMAAZOAm) upon exposure to 302 nm as a function of pH: 
pH=8: a→af′, yellow→green; pH=2: b→bf′, red→dark red; pH=1: c→cf′, purple→violet. 
Fluorescence spectra of p(DMAEMA/nBA/DMAAZOAm) colloidal dispersions upon 
exposure to 286 nm: a′ (pH=8), b′ (pH=2), c′ (pH=1); 410 nm: a″ (pH=8), b″ (pH=2), c″ 
(pH=1); 535 nm: a′″ (pH=8), b′″ (pH=2), c′″ (pH=1); Figure 2-D, Conformational and 
structural changes of p(DMAEMA/nBA/DMAAZOAm) upon pH changes: a-pH=8; b-
pH=2, and c-pH=1. 
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Figure 4.3. (A) Shape changes of p(DMAEMA/nBA/DMAAZOAm) copolymer filament 
as a function of temperature: a-25 °C; b-50 °C, left side exposure; c-50 °C, right side 
exposure; a′-25 °C; b′-50 °C, right side exposure; c′-50 °C, left side exposure; (B) SEM 
images of copolymer at 25 °C (a) and 50 °C (b). 
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Figure 4.4. Bending of p(DMAEMA/nBA/DMAAZOAm) copolymer filament as a 
function of UV exposure: a-unexposed specimen; b, c- left and right side exposures to 
302 nm; d, e-left and right side exposures to 403 nm; Inserts b′-e′ illustrate SEM images 
of copolymer surfaces of exposed sides. 
 
 
 
302 nm
Light Direction
Response
403 nm
Light Direction
Response
302 nm
Light Direction
Response
403 nm
Light Direction
Response
Cis
Cis
Trans
Trans
a
b
c
d
e
b'
d'
c '
e'
130 
 
References 
1.      Urban, W. M. Prog. Polym. Sci. 2009, 34, 679. 
2.      Singla, V.; Reiter, J. F. Science 2006, 313, 639. 
3.      Shah, A. S.; Ben-Shahar, Y.; Moninger, T. O.; Kline, J. N.; Welsh, M. J. Science 
2009, 325, 1131. 
4.      Alexeev, A.; Yeomans, J. M.; Balazs, A. C. Langmuir 2008, 24, 12102. 
5.      Kramer-Zucker, A. G.; Olale, F.; Haycraft, C. J.; Yoder, B. K.; Schier, A. F.; 
Drummond, I. A. Development 2005, 132, 1907. 
6.      van Oosten, C. L.; Bastiaansen, C. W.; Broer, D. J. Nat. Mater. 2009, 8, 677. 
7.      Ghosh, B.; Urban, M. W. Science 2009, 323, 1458. 
8.      Liu, F.; Urban, W. M. Macromolecules 2008, 41, 6531. 
9.      Lestage, D.; Urban, W. M. Langmuir 2005, 21, 2150. 
10.    Liu, F.; Urban, W. M. Macromolecules 2008, 41, 352. 
11.    Kumar, G. S.; Neckers, D. C. Chem. Rev. 1989, 89, 1915. 
12.    Ikeda, T.; Tsutsumi, O. Science 1995, 268, 1873. 
13.    Ichimura, K.; Oh, S.; Nakagawa, M. Science 2000, 288, 1624. 
14.    Liu, F.; Urban, W. M. Macromolecules 2009, 42, 2161. 
 
 
 
 
  
131 
 
CHAPTER V 
NEW THERMAL TRANSITIONS IN STIMULI-RESPONSIVE COPOLYMER FILMS 
Introduction 
While it is well established that polymers exhibit α, β, crystallization, and melting 
thermal relaxations, the presence of stimuli-responsive components, in particular those 
units which exhibit lower critical solution temperature (TLCST) in solutions, may result in 
more complex thermal responses. Recently, we have reported
1
 that poly((N-(DL)-(1-
hydroxymethyl) propylmethyacrylamide/n-butyl acrylate) (p(DL-HMPMA/nBA)) solid 
films exhibit a 18.5 % shrinkage at the 27-37 °C range, which resulted from the collapse 
of hydrophobic segments and buckling of the polymer backbone. These studies have also 
shown that in order to develop stimuli-responsive solid state films, the presence of the 
low Tg (α transition) components, such as nBA (Tg of p(nBA) ~ - 46 °C)
1, 2
 may be 
required to facilitate sufficient free volume necessary for remodeling of network 
components. Along the same theme, poly(2-(N,N′-dimethylamino)ethyl methacrylate/n-
butyl acrylate) (p(DMAEMA/nBA)) copolymer films were prepared and exhibit dual pH 
and temperature-responsiveness.
3
 These studies showed that solid p(DMAEMA/nBA) 
films also exhibit a 29.6 % volume decrease
3
 above an endothermic transition that is 
above the Tg of the copolymer. During the course of these studies we noted that thermal 
transitions in continuous films containing stimuli-responsive components such as DL-
HMPMA or DMAEMA are significantly different from those detected in “ordinary” 
polymer or copolymer films. To understand the origin of these transitions we prepared a 
series of compositionally different p(DMAEMA/nBA) copolymers in a form of colloidal 
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particles that were allowed to coalesce to solid continuous films and we examined the 
relationship between the copolymer composition and the new endothermic transitions. 
Experimental Section 
2-(N,N′-dimethylamino)ethyl methacrylate (DMAEMA) was purchased from 
Polysciences Inc. Hexadecyltrimethylammonium chloride (HTAC) solution was 
purchased from Fluka Chemical Co. 2, 2′-Azobisisobutyronitile (AIBN), n-butyl acrylate 
(nBA), and methyl methacrylate (MMA) were purchased from Aldrich Chemical Co. 
P(DMAEMA/nBA) copolymers were synthesized by varying the monomer feed 
ratio using the semi-continuous emulsion polymerization process outlined elsewhere,
4
 
which was adapted for a small scale polymerization. The reaction flask was immersed in 
a water bath preheated to 75 °C and purged continuously with N2 gas. The reactor was 
first charged with 27 mL of double dionized (DDI) water, and after purging N2 for 30 
min, the content was stirred at 300 rpm. At this point, pre-emulsion (DDI, HTAC, weight 
rationed monomers, and oil-soluble initiator AIBN) was fed at 0.155 mL/min into the 
vessel over a period of 3 h. After completion of pre-emulsion feeding, the reaction was 
continued for extra 3 h. The resulting colloidal dispersion was filtered after cooling to 
ambient temperature. And the pH value and particle size of this resulting colloidal 
dispersion are approximately 8 and 148 nm, respectively, determined by potentiometric 
titration and light scattering. For comparison, p(nBA), p(DMAEMA) and p(MMA/nBA) 
were prepared using the same method.  
Molecular weight was determined using gel permeation chromatography (Waters, 
Inc.) equipped with a 515 HPLC pump and a 2414 model refractive index detector. Each 
sample was precipitated in tetrahydrofuran (THF) and eluted through a 5 µm MIXED-C 
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column. Elution times were referenced against a polystyrene standard, and molecular 
weights of p(MMA/nBA) and p(DMAEMA/nBA) copolymers with different 
DMAEMA/nBA feed ratios were within 200,000-245,000 g/mol range.  
Morphologies of colloidal particles were determined using a Zeiss EM 109-
transmission electron microscope (TEM) in which colloidal dispersions were diluted to a 
20:1 volume ratio and deposited on a Formvar coated copper TEM grid (Ted Pella, Inc.).  
Solid-state NMR CP/MAS spectra were acquired using a UNITY INOVA 400 
spectrometer equipped with a Chemagnetics 7.5mm 2-channel solids probe. Samples 
were spun at the rate of 4.0 kHz. The 
1
H 90° pulse duration was 5.5 µs, the contact pulse 
width was 1 ms, at 45 ms acquisition time.  A proton decoupling field strength of 52 kHz 
was used to remove 
13
C-
1
H dipolar broadening.  The free induction decays (FIDs) were 
zero-filled to 32 K data points, the first four data points replaced via linear prediction, 
and Lorentzian and Gaussian apodization applied prior to Fourier transformation. 
 We prepared polymeric films by casting colloidal dispersions onto the poly 
(tetrafluoroethylene) (PTFE) substrate and allowed to coalescence at 65% relative 
humidity (RH) for 72 h at 22 °C in an environmental chamber. In a typical experiment, 
approximately 200 µm thick films were obtained. Differential scanning calorimetry (DSC) 
measurements were performed on a TA Instruments DSC Q 100 using a scanning rate of 
5 °C/min from -50 to 70 °C under N2 atmosphere. Multiple DSC thermal cycles were 
conducted using the following heating-cooling schedule: the p(DMAEMA/nBA) 
specimen was equilibrium at -50 °C for 5 min, followed by heating at 5 °C/min to 70 °C, 
equilibrium at 70 °C for 5 min, and cooling down at 5 °C/min to -50 °C. The same cycle 
was repeated several times. The resulting data were analyzed using TA Universal 
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Analysis software. Dynamic mechanical analysis (DMA) measurements were conducted 
on a TA instruments DMA Q 800. The 20×5.6 mm size films with thickness 
approximately 200 µm were utilized in the tensile mode, operating at a frequency of 1 Hz 
and a heating rate of 1 °C/min from -50 to 150 °C. 
 Thermogravimetric analysis (TGA) measurements were performed on a TA 
Instruments TGA Q500 to determine the amount of water in coalesced copolymer films. 
Approximately 20 mg samples were loaded into the platinum pan and heated at 
10 °C/min from 25 to 500 °C under nitrogen atmosphere. The nitrogen flow rate in 
balance chamber and furnace was 60 ml/min. For all specimens the water contained was 
smaller than 1.5±0.1 % w/w. 
Quantum mechanical semi-empirical calculations were conducted using Material 
Studio software (Accelrys Inc., Version 4.1). Computer modeling simulations were 
performed using a classical (Newtonian) molecular dynamics theory combined with the 
COMPASS force field conditions. In the first step, we created infinite polymer long 
chains containing DMAEMA and nBA monomer units using 3D periodic boundary 
conditions, such that the local thermo-induced flux was set proportional to the local atom 
density changes and local thermodynamic driving forces of the chemical potential. In an 
effort to determine thermodynamic responses of molecular segments, a 23×23×23 Å3 
periodic unit cell containing 5 polymer chains and 1185 atoms (1185 asymmetric units) 
was constructed and temperature was the control parameter to simulate the heat exchange 
with the environment. This method involves computing NVT (constant number, volume, 
and temperature) molecular dynamics at a set temperature using 25000 steps and  25 
picosecond (ps) (dynamic times), followed by another NPT (constant number, pressure, 
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and temperature) molecular dynamics with 50000 steps and dynamic times 50 ps, then 
NVE (constant number, volume, and energy) molecular dynamics with 100000 steps and 
100 ps. The purpose of this 3-step process is to theoretically determine energy, volume, 
and conformational changes as a function of temperatures.  
Results and Discussion 
The first step in these studies was to compare thermal characteristics of 
copolymer films. Figure 5.1, a and b illustrate DSC thermograms of p(MMA/nBA) and 
p(DMAEMA/nBA) copolymer films (water content<1.5 % w/w regardless of 
composition), respectively. Unlike non-stimuli-responsive p(MMA/nBA) copolymer 
(Figure 5.1, a), which exhibit a single glass transition (Tg) at 6 °C (onset), with mid- and 
end-points at 18 and 31.5 °C, respectively, additional endothermic transition in Figure 5.1, 
b is detected for p(DMAEMA/nBA) copolymer solid films. As anticipated, the lower 
transition at -18 °C (onset), with mid- and end-points at -10 and 6 °C, respectively, 
corresponds to the Tg of the copolymer, another endothermic transition at 32 °C is 
observed, which will be discussed in details later on. Whereas the 32 °C transition 
labeled as TSR results from the stimuli-responsive component of the copolymer, a small 
exothermic increase is detected just before the endothermic transition. This is likely 
attributed to the increase of free volume with the increasing temperature, which competes 
with the endothermic polymer chain collapse of the stimuli-responsive components. If 
this is the case, then colloidal particles should also exhibit heterogeneous morphologies. 
Indeed, the comparison of the TEM images of p(nBA) and p(DMAEMA) shown in 
Figure 5.2, a and b clearly indicates that p(DMAEMA/nBA) particles exhibit 
heterogeneous morphologies  attributed to the solubility of monomers. During 
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polymerization, nBA, being more hydrophobic and practically insoluble in water, 
polymerizes first inside the micelles, whereas DMAEMA, being water soluble, 
copolymerizes on the surface of p(nBA) seeds and forms a heterogeneous shell. This 
nanoscale morphology is also maintained in coalesced films. In an effort to determine 
copolymer composition in solid films, we measured solid-state 
13
C NMR spectra as a 
function of temperature.
5
 As shown in Figure 5.3, a-c, the choice of temperature was 
dictated by the position of specific thermal relaxations of the p(DMAEMA/nBA) 
copolymer. In particular, solid state 
13
C NMR spectra were collected at 11 °C to assess 
the chain mobility between the Tg values of p(DMAEMA/nBA) at -18 °C and 
p(DMAEMA) at 20 °C as well as at 25 °C, which is between the Tg of pure p(DMAEMA) 
at 20 °C and TSR at 32 °C, and at 65 °C (above TSR). The analysis of the NMR spectra 
shown in Figure 5.3, a-c illustrates the facts that the resonances due to the nBA 
component detected at 63.9, 31.1, 19.8, and 14.4 ppm remain constant, whereas the peaks 
due to DMAEMA at 60.0, 57.4, 43.7, and 17.8 ppm exhibit significant broadening for the 
spectrum recorded at 11 °C. Because the Tg of p(nBA) is -46 °C, its  mobility remains the 
same above that temperature, which is reflected in the absence of 
13
C NMR band 
broadening. In contrast, the Tg of p(DMAEMA) is ~20 °C (onset 13 °C), and the mobility 
of the p(DMAEMA) segments will be diminished at 11 °C, which is manifested by the 
broadening of the resonance due to these segments. Therefore, the presence of separated 
p(DMAEMA) and p(nBA) domains is part of the film morphologies and is not detected 
by DSC measurements as it is in the nanoscale. As we recall, particle morphologies of 
p(DMAEMA/nBA) before coalescence shown in Figure 5.2 also exhibit similar 
morphologies.  
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 To identify molecular changes and dynamics of p(DMAEMA/nBA) copolymer 
temperature responses, computer modeling experiments using molecular thermodynamics 
simulations were employed. For that purpose infinite polymer chains were created by 
packing energy minimized DMAEMA/nBA units into a random sequence under 3D 
periodic boundary conditions and energy and volume changes were calculated below and 
above the Tg and TSR temperatures. Inserts I, II, III, and IV in Figure 5.1, b depict 
conformational and volume changes at selected temperatures and transitions, while the 
calculated energy and volume values are summarized in Table 5.1. As seen for the Tg 
transition, the calculated total energy of the system (ΔEtot), which is comprised of the 
potential (Epot) and kinetic energies (Ekin), increases by 168 kcal/mol (from 2377 to 2545 
kcal/mol). At the same time, the Epot value changes by 71 kcal/mol (from 1468 to 1539 
kcal/mol) while the Ekin increases by 97 kcal/mol (from 909 to 1006 kcal/mol). For the 
TSR transition, the total energy (ΔEtot) increases by 223 kcal/mol (from 2753 to 2976 
kcal/mol), the Epot changes by 131 kcal/mol (from 1668 to 1799 kcal/mol), and the Ekin by 
92 kcal/mol (from 1084 to 1176 kcal/mol). It should be noted that significantly greater 
Epot changes were obtained for the TSR compared to the Tg transitions which is attributed 
to larger conformational changes occurring during the TSR transition. For both transitions, 
the calculated ΔEtot values are in good agreement with the energy values obtained from 
the DSC experiments, which are 122 kcal/mol for the Tg and 199 kcal/mol for the TSR, 
respectively, and small differences are attributed to the inclusion of the entropic 
components in ΔEtot calculations. Furthermore, computer simulation experiments also 
show that as a specimen undergoes the TSR transition, the volume (V) decreases by 21.6% 
(from 12.15 to 9.52 nm
3
) as compared to the 1.7% changes (from 10.86 to 11.05 nm
3
) for 
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the Tg transition. These results are also depicted in the 3D unit cell inserts shown in 
Figure 5.1, b. Table 5.1 also lists experimental determined volume changes; above TSR, 
the volume decrease by 29 % (from 28.94 to 20.40 nm
3
), and these changes are reversible. 
It should be noted that the kinetics of heating and cooling cycles are not the same, the 
longer times are required for cooling because of slower chain mobility. 
In an effort to determine how DMA measurements are sensitive to the presence of 
the TSR transitions, we collected DMA data on the same specimens. As shown in Figure 
5.4, a and b, the Tg transitions of p(MMA/nBA) and p(DMAEMA/nBA) represented by 
two maxima in the tan δ curves (Curves A and A΄, respectively) are detected at 17 and -
12 °C, respectively. These data are in agreement with the DSC measurements. 
Furthermore, the storage modulus (E΄) of p(DMAEMA/nBA) copolymer films (Curve B΄) 
begin to increase at 31 °C. This is attributed to the shrinkage of p(DMAEMA/nBA) films 
and the collapse of the copolymer backbone. As the film density increase, mechanical 
strength is enhanced. In contrast, the E΄ values for p(MMA/nBA) (Curve B) show 
expected glassy and rubbery plateaus. The loss modulus (Curves C and C΄) for both 
copolymer films are similar. It should be noted that the energy changes at the TSR 
transition shown in DSC curves are significantly stronger than the storage modulus 
changes detected by DMA. These observations suggest that in order for the TSR to occur, 
a certain amount of thermal energy must be employed in order for polymer chains to 
collapse and adapt to new conformation changes, but not significant changes in 
segmental motion and tensile strength are anticipated. As a result, the magnitude of these 
transitions in DSC is significant, but the same transitions in DMA measurements are not 
as pronounced.  
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Whereas the above discussion focused on the TSR transition in p(DMAEMA/nBA) 
films with a feed ratio of DMAEMA/nBA=1:1, the main question is whether or not and 
how the changes of the DMAEMA/nBA copolymer ratio will affect the TSR transitions in  
solid films. Figure 5.5 illustrates a series of DSC thermograms of p(DMAEMA/nBA) 
copolymer films recorded for different DMAEMA/nBA copolymer compositions. As 
seen, similar to copolymer composition dependent Tg transitions, the TSR transitions also 
shift to higher temperatures as the amount of the stimuli-responsive DMAEMA 
component increases in the p(DMAEMA/nBA) copolymer. For p(DMAEMA) 
homopolymer, the DSC data show also two transitions: the onset Tg at 13 °C, with the 
midpoint Tg values for this homopolymer are in the 16-24 °C range.
6
 
If the TSR relaxation is indeed responsible for the stimuli-responsive component, 
one would anticipate it to be reversible. Figure 5.6 illustrates the DSC heating-cooling 
cycles for p(DMAEMA/nBA) with 1:1 copolymer ratio. As observed, upon the first 
heating cycle, Tg and TSR are detected, but upon cooling, only Tg is present. In the second 
heating cycle, exactly the same DSC response with two transitions is detected. This 
process is not detectable upon cooling because the system requires longer times for chain 
expansions. This behavior was also reflected in slower response to the volume changes 
upon cooling (Table 5.1). It takes about 24 h to reach the initial equilibrium state. 
With these data in mind it is appropriate to compare the Tg, TLCST, and TSR 
transitions and realize that these transitions were detected for solid continuous films 
which contain only traces of water (1.5±0.1 % w/w). Although one could anticipate that 
these amounts of water could be responsible for localized two phase water-polymer 
interactions and thus potentially be responsible for the observed TSR endothermic 
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transitions, this is not the case. If the TSR shift as a function of copolymer composition 
was attributed to the water content, then the amount of water would parallel the 
copolymer composition changes. It should be pointed out that the TLCST observed in 
aqueous polymeric solution is manifested by the particle size decrease above TLCST due to 
demixing bahvior.
7
 For colloidal particles composed of p(DMAEMA) only (no nBA 
present in copolymerization), LCST/demixing behavior in water occurs, which is well 
documented in the literature for similar dispersions.
3, 8, 9
 Because these experiments were 
conducted on solid continuous films, and the presence of stimuli-responsive component 
such as DMAEMA results in endothermic TSR transitions. For p(DMAEMA) 
homopolymer, the value of TSR is equal to the temperature of a binary polymer-water 
(p(DMAEMA)-water) system (Tbinary), which is the temperature at which polymer-water 
system phase separates into two phases, a water and polymer phase. Also, for 
p(DMAEMA) homopolymer, the value of TSR and Tbinary may be numerically equal, but 
the physical meaning is different. Tbinary results from phase separation at the temperature-
concentration diagrams with the minimum point corresponding to TLCST. Although 
extensive reports available for homopolymer, copolymer, microgels, or hydrogels in 
literature
10-16
 is associated with the polymer-water phase behavior, in this studies, the 
mechanically stable continuous films exhibit composition-dependent Tg and TSR 
transitions, the later being manifested by the conformational changes that are responsible 
for the overall film volume changes. 
In an effort to relate TSR and Tbinary, the relationship that allows us to predict the 
TSR values as a function of copolymer composition was established. 
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                                    (Eq 5.1)                                                                          
where: w1 is the weight fraction of stimuli-responsive monomer 1, w2 is the weight 
fraction of non-stimuli-responsive monomer 2, Tbinary is the temperature of stimuli-
responsive p(DMAEMA) homopolymer in a binary polymer-water equilibrium (313K)
3
 
with its minimum at the temperature-concentration diagrams corresponds to TLCST,  and T 
is the film formation temperature. The same form exhibits in the Fox Eq. which allows us 
to estimate the Tg changes with the composition of the copolymers. For comparison, 
Figure 5.7, a and b illustrate the relationship between Tg and TSR as a function of w1, 
respectively. The Tg and TSR changes as a function of composition exhibit similar trends, 
but their magnitude is different. The Tg changes as a function composition are 
independent of the stimuli-responsive components, and if the former is substituted by a 
non-stimuli-responsive monomer like MMA, then no TSR transitions are detected in DSC 
and DMA measurements, as illustrated in Figure 5.1 and 5.4. 
 In order to determine the validity of Eq 5.1, we compared the experimental TSR 
values obtained from DSC measurements with the calculated values from Eq 5.1 and 
plotted in Figure 5.8. While the solid cubic (■) points represent the DSC experimental 
data points, and Lines a-k represent predicted TSR value changes as a function of w1 for 
different T values. It should be noted that, when w2=0, 1/TSR = 1/Tbinary, thus TSR is 313 K. 
Extrapolation of w1 → 0 has no physical meaning because at this value the TSR transition 
does not exist, as there is no stimuli-responsive monomer copolymerized into the 
copolymer. It should be also noted that Lines a and b in Figure 5.8, which correspond to 
T= 298 and 296 K, respectively, exhibit the best fit with the experimental data points 
within ± 0.61 and ± 0.22, respectively.  
1
TSR Tbinary T
w2w1
= +
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 To further justify the significance of the above relationship, Eq 5.1 was used to 
determine Tbinary and T using experimental values from the DSC measurements, 
specifically, the TSR transitions and weight fractions of each monomer w1 and w2. Figure 
5.9, a illustrates a plot of 1/TSR vs. w1, with the slope equal to 1/Tbinary calc, and intercept of 
1/Tcalc. To illustrate the direct relationship, TSR vs. w1 plot shown in Figure 5.9, b was 
constructed. As seen, the calculated Tbinary calc and Tcalc correspond exactly to the values of 
Tbinary of p(DMAEMA) homopolymer at 313 K, and a given T at 296 K. 
Conclusions 
These studies show for the first time the presence of new thermal transitions of 
stimuli-responsive p(DMAEMA/nBA) copolymer films. Unlike in the solution phase, 
where LCST transition is easily attainable as Brownian motion of surrounding solvent 
molecules requires relatively low energy and shorter times for macromolecular segments 
to displace, solid copolymers require the design of copolymer segments that are capable 
of rearranging and maintaining solid state properties. As shown by DSC and DMA 
measurements, relaxations in stimuli-responsive copolymers exhibit TSR transitions and 
theoretical computer simulations showed agreements with the experimental data. Based 
on the experimental data, the relationship 1/TSR = w1/Tbinary + w2/T was established to 
predict the TSR values as a function of copolymer composition and temperature. 
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Table 5.1  
Computer Simulation Results of Energy and Volume Changes 
  
Tot. Energy 
(kcal/mol) 
ΔEtot 
(kcal/mol) 
Pot. Energy 
(kcal/mol) 
ΔEpot 
(kcal/mol) 
Kin. Energy 
(kcal/mol) 
ΔEkin 
(kcal/mol) 
Volume 
Theor. 
(nm
3
) 
ΔV    
Theor. 
(nm
3
) 
Volume 
Exp. 
(mm
3
) 
ΔV     
Exp. 
(mm
3
) 
Tg     | 
-20 °C 2377 
} ↑ 168 
1468 
} ↑ 71 
909 
} ↑ 97 
10.86 
}↑ 0.19 
  
5   °C 2545 1539 1006 11.05   
TSR  | 
25  °C 2753 
} ↑ 223 
1668 
} ↑ 131 
1084 
} ↑ 92 
12.15 
}↓ 2.63 
28.94 
}↓ 8.54 
45  °C 2976 1799 1176 9.52 20.40 
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Figure 5.1. Differential scanning calorimetry (DSC) thermograms of: (a) p(MMA/nBA); 
(b) p(DMAEMA/nBA) copolymers; Inserts represent the results of the computer 
simulations and illustrate the volume and conformational changes at the -20 °C (Insert I); 
5 °C (Insert II); 25 °C (Insert III); and 45 °C (Insert IV). 
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Figure 5.2. TEM images of (a) p(nBA) and (b) p(DMAEMA/nBA) (feed ratio=1:1) 
colloidal particles. 
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Figure 5.3. Solid state 13C NMR spectra of p(DMAEMA/nBA) (feed ratio=1:1) films 
conducted at 11, 25, and 65 °C. For comparison, DSC curve in included. 
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Figure 5.4. Dynamic mechanical analysis (DMA) results of: (a) p(MMA/nBA) and (b) 
p(DMAEMA/nBA) copolymer films: plots A, A΄–tan δ; plots B, B΄–storage modulus (E’); 
and plots C, C΄–loss modulus (E˝) for each copolymer, respectively. 
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Figure 5.5. Series DSC thermograms of p(DMAEMA/nBA) copolymer films recorded 
for different DMAEMA/nBA weight ratios. 
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Figure 5.6. Multiple DSC cycles conducted on p(DMAEMA/nBA) copolymers. 
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Figure 5.7. Tg (a) and TSR (b) plotted as a function of w1. 
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Figure 5.8. Experimental TSR values obtained from DSC measurements and predicted TSR 
using Eqn. 1 for different T values plotted as a function of w1. 
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Figure 5.9. Curve fitting of experimental TSR data obtained from DSC measurements 
with Eqn. 1: (a) 1/TSR vs. w1; (b) TSR vs. w1. 
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CHAPTER VI 
SYNERGISTIC TEMPERATURE AND PH EFFECTS ON STIMULI-RESPONSIVE 
TRANSITIONS IN POLY(N-ACRYLOYL-N′-PROPYLPIPERAZINE-CO-2-
ETHOXYETHYL METHACRYLATE) COPOLYMERS 
Introduction 
Continuous interest in stimuli-responsive polymers results from an ongoing quest 
for materials capable of adapting to new environments induced by physical, chemical, or 
biological stimuli.
1-3
 While Mother Nature offers abundance of examples ranging from 
molecular recognitions to autonomous healing, most synthetic efforts focused on 
temperature and pH responsive polymeric solutions. A common approach
4-10
 to achieve 
simultaneous temperature and pH-responsiveness is to copolymerize temperature- and 
pH-sensitive monomers within the same polymer backbone. While stimuli-
responsiveness is relatively easily obtainable in polymeric solutions, the main challenges 
are in soft matter solids. After all, one would like to maintain their solid state properties 
and, at the same time, achieve stimuli-responsiveness. One approach in generating these 
attributes is to tune polymeric networks using functional and responsive components with 
a desired heterogeneity at copolymer levels.
11
 Recent studies
12
 have shown that new 
endothermic stimuli-responsive transitions (TSR) are detected in copolymer films that 
consist of randomly copolymerized stimuli-responsive and low Tg components.
12
 The 
observed TSR transitions typically arise from localized, orchestrated polymer backbone 
buckling and the side groups rearrangements of the stimuli-responsive component, 
facilitated by the low Tg component, which facilitates sufficient free volume, and satisfies 
spatial and energetic requirements. Recent studies have also shown that the semi-
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empirical relationship 1/TSR = w1/Tbinary + w2/T may serve as an estimate of the TSR 
transition as a function of copolymer composition,
13
 similarly to the predictions of the 
glass transition temperature (Tg) for random copolymers using the Fox Eqn. Since both 
TSR and Tg are composition-dependent, is it of significant interest to examine the TSR and 
Tg relationships. In view of these considerations these studies attempt to establish the 
relationship between the TSR and the Tg for pH and temperature responsive poly(N-
acryloyl-N΄-propylpiperazine/2-ethoxyethyl methacrylate) p(AcrNPP/EEMA) random 
copolymers as a function of the copolymer composition. 
Experimental Section 
The N acryloyl-N΄-propylpiperazine (AcrNPP) (99 %) was purchased from 
Eastern Systems, Inc. Hexadecyltrimethylammonium chloride (HTAC) solution (25 wt% 
in H2O) was purchased from Fluka Chemical Co. 2, 2’-Azobisisobutyronitile (AIBN) 
(98 %), 2-ethoxyethyl methacrylate (EEMA) (99 %), and 0.1 N volumetric standard 
solutions of sodium hydroxide (NaOH) and hydrochloride acid (HCl) were purchased 
from Aldrich Chemical Co. 
 P(AcrNPP/EEMA) copolymers were synthesized using the semicontinuous 
emulsion polymerization process outlined elsewhere
14
 which was adapted for a small 
scale polymerization. The reaction flask was immersed in a water bath preheated to 75 °C 
and purged continuously with N2 gas. The reactor was first charged with 27 mL of double 
dionized (DDI) water, and after purging N2 for 30 min, the content was stirred at 300 rpm. 
At this point, pre-emulsion (DDI, 25 mL; HTAc, 0.62 g; weight-rationed monomers, 5.6 
g; and oil-soluble initiator AIBN, 0.1 g) was fed at 0.156 mL/min into the vessel over a 
period of 3 h. After completion of feeding pre-emulsion the reaction was continued for 
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extra 3 h. The resulting colloidal dispersion was filtered after cooling to ambient 
temperature, and the pH value determined by potentiometric titration of the resulting 
original colloidal dispersion is approximately 8.5.  
 Potentiometric titrations were performed at 22 °C using Orion pH meter Model 
350 with a glass combination electrode (Orion 9202 BN). Autocalibration against 
standard buffer solutions was done before titration. HCl and NaOH standards were 
utilized to adjust pH values of p(AcrNPP/EEMA) aqueous dispersions. 
Molecular weight was determined using gel permeation chromatography (Waters, 
Inc.) equipped with a 515 HPLC pump and a 2414 model refractive index detector. Each 
sample was precipitated in tetrahydrofuran (THF) and eluted through a 5 µm MIXED-C 
column. Elution times were referenced against polystyrene standards, and molecular 
weights of p(AcrNPP/EEMA) copolymers are within 1.41-1.77×10
5
 g/mol. Morphologies 
of colloidal particles were determined using a Zeiss EM 109-transmission electron 
microscope (TEM) in which colloidal dispersions were diluted to a 20:1 volume ratio and 
deposited on a Formvar coated copper TEM grid (Ted Pella). 
 Polymeric films were prepared by casting colloidal dispersions onto a poly 
(tetrafluoroethylene) (PTFE) substrate and allowed to coalescence at 65% relative 
humidity (RH) for 72 h at 22 °C in an environmental chamber. In a typical experiment, 
approximately 200 µm thick films were obtained. Differential scanning calorimetry (DSC) 
measurements were performed on a TA Instruments DSC Q 100 using a scanning rate of 
3 °C/min from -45 to 80 °C under a N2 atmosphere. Multiple DSC thermal cycles were 
conducted using the following heating-cooling schedule: the p(AcrNPP/EEMA) 
specimen was equilibrated at -45 °C for 5 min, followed by heating at 3 °C/min to 80 °C, 
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equilibrating at 80 °C for 5 min, and cooling down at 3 °C/min to -45 °C. The same cycle 
was repeated several times. The resulting data were analyzed using TA Universal 
Analysis software. 
Proton NMR (
1
H NMR) spectra were acquired using a Varian Mercury 300 MHz 
NMR spectrometer. Typical measurement conditions involved 45° pulse, relaxation delay 
1 s, acquisition time of 1.998 s. The spectrum represents co-addition of 256 scans. In 
1
H 
NMR measurements, 3.23 % w/v of p(AcrNPP/EEMA) copolymer was dissolved in 
deuterated chloroform (CDCl3).  
 Microscopic attenuated total reflectance Fourier transform infrared (ATR FT-IR) 
spectra were collected on a Bio-Rad FTS-6000 FT-IR single-beam spectrometer set at 4 
cm
-1
 resolution equipped with a deuterated triglycine sulfate (DTGS) detector. A 2 mm 
Ge crystal with a 45° face angle maintaining constant contact pressure between the 
crystal and the specimens was used. Each spectrum was collected on the film interface 
with attached heating elements and represented 100 co-added scans ratioed to 100 scans 
collected on an empty ATR cell. All spectra were corrected for spectral distortions by Q-
ATR software using the Urban-Huang algorithm.
15
  
 Quantum mechanical semi-empirical calculations were conducted using Material 
Studio software (Accelrys Inc., Version 4.1). Computer modeling simulations were 
performed using a classical (Newtonian) molecular dynamics theory combined with the 
COMPASS force field conditions. In the first step, we created infinite polymer long 
chains containing AcrNPP and EEMA monomer units using 3D periodic boundary 
conditions, such that the local thermo-induced flux was set proportional to the local atom 
density changes and local thermodynamic driving forces of the chemical potential. In an 
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effort to determine thermodynamic responses of molecular segments, a 24 ×24 ×24 Å3 
periodic unit cell containing 5 polymer chains and 1410 atoms (1410 asymmetric units) 
was constructed and temperature was the control parameter to simulate the heat exchange 
with the environment. This method involves computing NVT (constant number, volume, 
and temperature) molecular dynamics at a set temperature using 25000 steps and 25 
picosecond (ps) (dynamic times), followed by another NPT (constant number, pressure, 
and temperature) molecular dynamics with 50000 steps and dynamic times 50 ps, then 
NVE (constant number, volume, and energy) molecular dynamics with 100000 steps and 
100 ps. The purpose of this 3-step process is to simulate energy, volume, and 
conformational changes at different temperatures. The same unit cell was constructed and 
same 3-step molecular dynamics process was utilized for the protonation simulation, but 
the valence state of amine functional groups was the control parameter. 
Results and Discussion 
Figure 6.1, A, Traces A, B, and C illustrate ATR FT-IR spectra of p(EEMA) and 
p(AcrNPP) homopolymers, and p(AcrNPP/EEMA) copolymer, respectively. As seen in 
Trace A, characteristic bands
17-22
 of p(EEMA) at 1730 (C=O, ester) and 1120 (C-O-C 
asym str) cm
-1
 are detected. Trace B illustrates the IR spectrum of p(AcrNPP) with the 
characteristics bands
17-22
 at 2961 (CH3 asym str), 2931 (CH2 asym str), 2875 (CH3 sym 
str), cm
-1
 in the C-H stretching region as well as  the 2820-2760 (N-CH2), 1642 (C=O, 
amide I), 1445 (C-H def), and 1050-980 (ring skeletal vib) cm
-1
 bands. Trace C illustrates 
IR spectrum of p(AcrNPP/EEMA) copolymer. As anticipated, the selected bands in the 
3000-2850 cm
-1
 region and the 1445 cm
-1
 band due to the C-H stretching and CH2/CH3 
deformation modes overlap between the p(EEMA) and p(AcrNPP), but the characteristic 
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band at 1730 cm
-1
 due to the carbonyl ester of EEMA as well as the bands at 2820-2760, 
1642, and 1050-980 cm
-1
 due to the ＞N-CH2 tertiary amines, amide groups, and the ring 
structure of AcrNPP are observed, thus confirming copolymerization. Further evidence of 
copolymerization is illustrated in the 
1
H NMR spectrum of p(AcrNPP/EEMA) recorded 
at 22 °C in CDCl3 shown in Figure 6.1, B. The resonances at 1.1 (-C-CH3), 1.2 (-O-CH2-
CH3), 3.4-3.5 (-CH2-O-CH2-), and 4.05 (-COO-CH2) ppm arising from the 
copolymerization of EEMA units are detected, and the peaks at 0.92 (-CH2-CH3), 2.2 (＞
N-CH2-), 2.3-2.5 (-N-(CH2)2), and 3.5-3.6 (-CO-N-(CH2)2) ppm due to the AcrNPP units 
are also present. The resonance at 7.23 ppm is due to CDCl3 solvent. These spectroscopic 
data demonstrate that AcrNPP and EEMA monomers are copolymerized with the feed 
ratio of 1:1 during free radical semicontinuous copolymerization. The copolymerization 
yield was 82 % and the copolymer composition determined from 
1
H NMR experiments 
was AcrNPP/EEMA=0.52/0.48. 
Figure 6.2 illustrates TEM images of p(AcrNPP/EEMA) and p(DMAEMA/nBA). 
As seen, p(AcrNPP/EEMA) colloidal particles exhibit more homogenous morphology 
compared to p(DMAEMA/nBA), which is attributed to the increased solubility and 
polarity of EEMA resulting from the presence of ether linkages. Since AcrNPP and 
EEMA exhibit similar affinities to polymerize within the micelles, obtained particles 
morphologies are more homogenous (A). In contrast, when nBA is copolymerized with 
DMAEMA, more hydrophobic nBA will polymerize first, followed by DMAEMA, thus 
resulting in a heterogeneous shell (B). 
To determine the effect of pH and temperature responsiveness on the TSR, the 
p(AcrNPP/EEMA) colloidal particles were coalesced to form continuous films. Figure 
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6.3, A illustrates DSC thermograms of p(AcrNPP/EEMA) coalesced films as a function 
of temperature. As seen, two endothermic transitions at ~ 17 and 30 °C are observed. 
While the 17 °C transition is due to the Tg of the copolymer, the endothermic transition 
with a minimum at 30 °C is attributed to the TSR transition. 
 In an effort to determine copolymer composition and molecular mobility of  
p(AcrNPP/EEMA) films at different temperatures, ATR FT-IR spectra were collected at 
20, 25, 30, 35, 40, and 45°C.
16
 Analysis of the series of spectra illustrated in Figure 6.3, B 
shows characteristic bands
17-22
 at 3000-2840 (C-H str), 2820-2760 (＞N-CH2), 1642 
(C=O amide I), 1445 (C-H def), and 1235 (asym CCN) cm
-1
, which decrease at elevated 
temperatures. As expected, the copolymer undergoes transition from extended to 
collapsed states, which consequently reduces the molecular mobility, and result in the 
decrease of IR band intensities at higher temperatures. Spectroscopic analysis also 
indicates that the main molecular entities responding to the temperature changes are the 
C-H vibrations of the backbone/side groups as well as the amide and propylpiperazine 
groups of the AcrNPP components. As an example, Figure 6.3, C illustrates the 
integrated area of the –C=O amide I vibrations at 1642 cm-1 plotted as a function of 
temperature. As seen, the intensity decreases gradually with the increasing temperature, 
with the middle point of the transition at 30 °C, which corresponds to the TSR transition 
minimum detected in the DSC measurements. This remarkable agreement indicates that 
at TSR, there are composition-dependent molecular rearrangements of either the side 
chains or backbone segments, resulting from the inter- and intra-molecular interactions, 
causing dipole moment changes reflected in IR band intensity alternations. For example, 
for amide linkages at 1642 cm
-1
, there are no new bands detected as a function of 
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temperature but the intensity of this band decreases, suggest that H-bonding does not 
occur,
15, 23
 but dipole moment interactions of –C=O amide in AcrNPP and –C-O-C ether 
in EEMA groups lead to the simultaneous decrease of the bands at 1642 and 1120 cm
-1
. 
As will be seen later for the protonated state, H-bonding interactions will dominate the 
TSR transitions. 
 To illustrate the reversibility of the TSR transitions, Figure 6.4, A shows DSC 
heating-cooling-heating cycles of p(AcrNPP/EEMA) coalesced films under alkaline 
conditions. As observed, upon the first heating cycle, endothermic Tg and TSR transitions 
are detected at 17 (midpoint) and 30 °C, respectively. The same transitions are detected at 
exactly the same positions during the second heating cycle, but upon cooling, only Tg is 
detected. This is attributed to the slower chain mobilities and longer relaxation times 
required for chain expansions to occur upon cooling. The same phenomena was observed 
for p(DMAEMA/nBA) copolymer films.
12
 
 In order to determine how AcrNPP/EEMA copolymer ratio affects the TSR 
transitions in the coalesced films, DSC thermograms were recorded as a function of the 
copolymer composition. The results are illustrated in Figure 6.4, B. As seen, the Tg and 
TSR transitions shift to higher temperatures as the ratio of the stimuli-responsive AcrNPP 
component increases, reflected by the increased transition energy represented by the area. 
 Previous studies
12
 have also shown that the TSR and the weight fraction of stimuli-
responsive DMAEMA in p(DMAEMA/nBA) copolymer films follow the 1/TSR = 
w1/Tbinary + w2/T (Eq 5.1)
12
 relationship. To examine the validity of this relationship for 
p(AcrNPP/EEMA) copolymers films, we compared the DSC experimental data with the 
calculated TSR values obtained from Eq 5.1. As shown in Figure 6.5, A, solid cubic (■) 
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points represent the DSC experimental data, whereas lines a-k represent the values 
predicted from Eq 5.1 for different film formation temperature (T). All lines converge at 
the same point, when w2=0, at which 1/TSR = 1/Tbinary and TSR=310 K, and the line f that 
corresponds to T=296 K exhibits the best fit, which is in agreement with the DSC data 
(±0.15), thus validating Eq 5.1. 
Let us examine the relationship between TSR and Tg transitions by substituting the 
Fox Eqn. into Eq 5.1. This gives:  
                                                                                                                                  (Eq 6.1) 
 
where: TSR is the temperature of stimuli-responsive transition, Tg is the glass transition 
temperature of the copolymer; Tbinary is the temperature of stimuli-responsive 
homopolymer in a binary polymer-water equilibrium, Tg1 and Tg2 are glass transition 
temperatures of stimuli-responsive and non-stimuli-responsive components, and T is the 
film formation temperature. For a given copolymer system, Tbinary, Tg1, and Tg2 are known, 
thus the TSR is a function of the Tg and T (TSR=ƒ(Tg , T)). This relationship was used to 
construct Figure 6.5, B, where the solid (■) points represent the experimental data, and 
lines a-k are the predicted values from Eq 6.1 at specific temperatures T of the film 
formation. As anticipated, the TSR increases as a function of the Tg of the copolymer, 
which is attributed to the increased amount of the stimuli-responsive AcrNPP component. 
This relationship is valid only for random copolymers, and when the Tg approaches the 
Tg of p(AcrNPP) homopolymer (333 K), the relationship is not linear because the 
copolymer composition is dominated by the block p(AcrNPP) morphologies.  
 While the above discussion addressed the influence of temperature on TSR 
transitions, the presence of amine functionality in AcrNPP also provides pH 
1
TSR
=
Tbinary × T × (Tg1-Tg2)
+
Tbinary × T × (Tg1-Tg2)
Tg1 × Tg2 × (Tbinary-T) Tg1 × T - Tbinary ×Tg2
Tg
1
•
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responsiveness. Figure 6.6 illustrates a series DSC thermograms of p(AcrNPP/EEMA) 
films coalesced from basic (pH=8-12) (Trace A), neutral (pH=6-7) (Trace B), and acidic 
(pH=2-6) (Trace C) dispersions. Analysis of Traces A, B and C shows that the Tg 
transition slightly shifts which, as will be seen in the spectroscopic analysis, is attributed 
to the formation of H-bonding between protonated amine and ester/amide linkages upon 
protonation. More pronounced changes are detected for the TSR transitions, where the 
endotherm levels off at 30 °C during protonation, and the transition minimum shifts from 
30 °C for pH=8-12, to 32 °C (pH=6-7), and to 35 °C for pH=2-6. If a collapse of 
unprotonated stimuli-responsive components
12, 24, 25
 is responsible for the TSR transition 
(30 °C) at pH=8-12, two endotherms detected at 30 and 32 °C for a partially protonated 
state with pH=6-7 correspond to the collapse of unprotonated and protonated portions of 
the chain, respectively. For the fully protonated state (pH=2-6), the copolymer backbone 
may begin buckling at 30 °C, as manifested by the shoulder in Trace C, or collapse of the 
entire fully protonated responsive components at 35 °C. It should be also noted that the 
amount of transition energy increases from 93 kcal/mol at pH=8-12 to 100 and 112 
kcal/mol at pH=6-7 and 2-6, respectively, which indicate that the enthalpic component of 
the TSR transition increases when changes from unprotonated to protonated states occur.  
 In an effort to determine which molecular entities and interactions are primarily 
responsible for thermal responses at different pH conditions ATR FT-IR analysis was 
utilized. Figure 6.7, A illustrates ATR FT-IR spectra of p(AcrNPP/EEMA) copolymer 
films as a function of pH at 22 °C, where Traces A, B, and C correspond to basic (pH=8-
12), neutral (pH=6-7), and acidic (pH=2-6) conditions, respectively. As seen, the bands at 
2596, 2525, 2456 (NH
+
 str) cm
-1
 due to the quaternary amine salts are detected under 
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neutral and acidic conditions, confirming that partially or fully protonated reactions 
generate positively charged quaternary amine groups. Moreover, the bands at 2961 (CH3 
asym str), 2931 (CH2 asym str), 2820-2760 (＞N-CH2), 998 cm
-1
 (ring asym str) cm
-1 
due 
to propylpiperazine functional groups of the AcrNPP units decrease as pH changes. 
These observations indicate that molecular vibrations associated with propylpiperazine 
groups become symmetric as the tertiary amine groups undergo transitions from none to 
fully protonated
 
states, which is attributed to the change of the overall polarity of the side 
groups as the lone pair of electrons is replaced by H.  
 Figure 6.7, B illustrates ATR FT-IR spectra in the 1550-1800 cm
-1
 region. As 
seen, the bands at 1730 and 1642 cm
-1
 due to C=O ester and amide I linkages decrease as 
pH changes from basic to acidic. At the same time, selected bands shift from 1730 to 
1721, and from 1642 to 1648 cm
-1
, respectively, which reflect molecular rearrangements 
of ester and amide linkages upon protonation. Furthermore, as indicated above, the H-
bonding manifested by the intensity increase of the bands at 1704 (associated C=O)
26
 and 
1690 cm
-1
 (intra H-bond)
26
 of esters as well as the 1620 cm
-1
 band (inter H-bond)
27, 28
 of 
amide I linkages are observed. These spectroscopic analysis indicate the formation of 
intra- and inter-molecular H-bonding between protonated amine and ester/amide groups. 
The corresponding structural features responsible for spectroscopic changes are 
illustrated in the Inserts b΄ (intra-molecular H-bonding) and b˝ (inter-molecular H-
bonding) of Figure 6.7, B. Compared to the unprotonated state, rearrangements and 
collapse of protonated AcrNPP component at the TSR will disrupt H-bonding interactions 
due to the formation of H-bonding under acidic conditions. Consequently, a larger 
amount of thermal energy or elevated temperatures are required, which is precisely what 
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the DSC measurements showed. As we recall, the TSR transition energy at pH=2-6 
increases to 112 kcal/mol, and the transition minimum shifts to 35 °C. 
 To further correlate molecular changes observed in spectroscopic measurements 
with energetic requirements, computer modeling experiments using molecular 
thermodynamics simulations were employed. To simulate the network, infinitely long 
polymer chains were created by packing energy minimized AcrNPP/EEMA units (50/50 
ratio) under 3D periodic boundary conditions. While details of the computational analysis 
were provided in the Experimental Section, visualization of the results is shown in 
Figures 6.8. The calculated ΔEtot of the TSR transition for the unprotonated state is 132 
kcal/mol, which is smaller than the ΔEtot (159 kcal/mol) for the protonated system. The 
energies required for the TSR transitions obtained from the DSC analysis also increases 
form 93 (unprotonated) to 112 kcal/mol (protonated). Thus, experimental and theoretical 
results for the protonated states are in agreement, indicating that a higher amount of 
energy is required for the TSR transitions, and the difference between the calculated ΔEtot 
and the enthalpy obtained from the DSC measurements is attributed to the inclusion of 
entropic components in the ΔEtot calculations. 
In order to examine combined effects of protonation and temperature on 
molecular conformations, Figure 6.8 illustrates two neighboring chains of the 
corresponding unit cells that were equilibrated at 25 or 45 °C under protonated and 
unprotonated conditions. Compared to the unprotonated state shown in Figure 6.8, A, the 
protonated copolymer backbone becomes extended and the side groups are repelled away 
from each other, which is believed to be attributed to the protonation of the amine 
functionality forcing the backbone to expand, thus minimizing the repulsion around the 
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positively charged center.
21
 The formation of H-bonding between the protonated amine 
and ester/amide groups are also observed in the simulations, which are illustrated in 
Figure 6.8, B. When temperature increases to 45 °C (Figure 6.8, C), the copolymer 
backbone becomes twisted and buckles inwards. At the same time, N′-propyl groups 
collapse and form bulky spheres, which are depicted in E and E' inserts of Figure 6.8. 
Similar phenomenon is observed for protonated chains equilibrated at 45 °C which are 
shown in Figure 6.8, D. In summary, experimental and theoretical analyses indicate that 
the collapse of propylpiperazine functionalities and buckling of the copolymer backbone 
are the main contributors to the TSR transitions, whereas the shift of the TSR for 
unprotonated and protonated states is attributed to the synergistic effects of pH and 
temperature, thus inducing H-bonding and conformation changes.  
Conclusions 
New p(AcrNPP/EEMA) colloidal dispersions were prepared which upon 
coalescence form solid films that exhibit temperature and pH responsiveness. Thermal 
relaxations of p(AcrNPP/EEMA) films exhibit composition-dependent endothermic 
transitions: Tg and TSR. The TSR follows the relationship: 1/TSR = w1/Tbinary + w2/T, which 
is a function of the copolymer Tg as well as coalescence conditions T (TSR=ƒ(Tg , T)). 
Spectroscopic analysis showed that for the unprotonated state, interactions of dipoles 
from neighboring bonds of the stimuli-responsive entities changes at TSR. In the 
protonated state, the formation of inter/intra-molecular H-bonding between protonated 
amide and C=O ester/amide groups are responsible for the shift of TSR as well as the 
increase of enthalpy at the TSR. The synergistic pH and temperature effects result in the 
copolymer backbone buckling and the collapse of stimuli-responsive AcrNPP units. 
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Figure 6.1. (A) ATR FT-IR spectra of: A–p(EEMA); B–p(AcrNPP); C–
p(AcrNPP/EEMA); and (B) 
1
H NMR spectrum of p(AcrNPP/EEMA) in CDCl3.  
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Figure 6.2. TEM images of p(AcrNPP/EEMA) (A) and p(DMAEMA/nBA) (B) colloidal 
particles. 
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Figure 6.3. DSC curves (A) and ATR FT-IR spectra (B) of p(AcrNPP/EEMA) copolymer 
films (weight ratio=1:1); (C) Integrated area of –C=O amide group at 1642 cm-1 plotted 
as a function of temperature. 
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Figure 6.4. A-Multiple DSC cycles conducted on p(AcrNPP/EEMA) (weight ratio=1:1) ; 
B-Series DSC thermograms of p(AcrNPP/EEMA) copolymer films recorded for different 
weight ratio. 
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Figure 6.5. Experimental TSR values obtained from DSC measurements and predicted TSR 
using Eq.1 (A) and Eq. 2 (B) for different film formation T values plotted as a function of 
w1. 
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Figure 6.6. Series DSC thermograms of p(AcrNPP/EEMA) copolymer films (weight 
ratio =1:1) recorded as a function of pH; Trace A- pH=8-12; B- pH=6-7; C- pH=2-6. 
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Figure 6.7. ATR FT-IR spectra of p(AcrNPP/EEMA) copolymer films (weight ratio=1:1) 
depicting (A) 950-3120 cm
-1
; and (B) 1550-1800 cm
-1
 region; recorded as a function of 
pH at 22 °C; Trace A–pH=2-6; B–pH=6-7; C–pH=8-12. 
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Figure 6.8. Results of computer simulations representing molecular conformational and 
interactions changes resulting from temperature and protonation state changes of: (A) 
25 °C, pH=10, and unprotonated state; (B) 25 °C, pH=2, and protonated state; (C) 45 °C, 
pH=10, and unprotonated state; (D) 45 °C, pH=2, protonated state; (E) extended; and (E') 
collapsed state of N'-propyl groups. 
 
 
 
 
 
 
 
25 °C pH=2 Protonated
Intra-Molecular
H-Bond
Inter-Molecular
H-Bond
Protonation
45 °C pH=10 Unprotonated
In
c
re
a
s
e
 T
T
 >
 T
S
R
Δ
E
to
t
=
1
3
2
 
k
c
a
l/
m
o
l
In
c
re
a
s
e
 T
T
 >
 T
S
R
Δ
E
to
l=
1
6
9
 
k
c
a
l/
m
o
l
45 °C pH=2 Protonated
A B
C D
E
E΄
25 °C pH=10 Unprotonated
: oxygen
: nitrogen
: carbon
: hydrogen
: backbone
In
c
re
a
s
e
 T
T
 >
 T
S
R
Δ
E
to
t
=
1
3
2
 
k
c
a
l/
m
o
l
In
c
re
a
s
e
 T
T
 >
 T
S
R
Δ
E
to
l=
1
6
9
 
k
c
a
l/
m
o
l
175 
 
References 
1.      Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; 
Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban, M. W.; Winnik, F.; 
Zauscher, S.; Luzinov, I.; Minko, S. Nat. Mater. 2010, 9, 101. 
2.      Urban, M. W. Prog. Polym. Sci. 2009, 34, 679. 
3.      Liu, F.; Urban, M. W. Prog. Polym. Sci. 2010, 35, 3. 
4.      Jones, C. D.; Lyon, L. A. Macromolecules 2000, 33, 8301. 
5.      Gohy, J.; Lohmeijer, B.; Varshney, S.; Decamps, B.; Leroy, E.; Boileau, S.; 
Schubert, U. Macromolecules 2002, 35, 9748. 
6.      Liu, Q.; Yu, Z.; Ni, P. Colloid Polym. Sci. 2004, 282, 387. 
7.      Kratz, K.; Hellweg, T.; Eimer, W. Colloids Surf., A 2000, 170, 137. 
8.      Pinkrah, V. T.; Snowden, M. J.; C., M. J.; Seidel, J.; Chowdhry, B. Z.; Fern, G. R. 
Langmuir 2003, 19, 585. 
9.      Zhang, W.; Shi, L.; Ma, R.; An, Y.; Xu, Y.; Wu, K. Macromolecules 2005, 38, 
8850. 
10.    Chourdakis, N.; Bokias, G.; Staikos, G. J Appl Polym Sci 2004, 92, 3466. 
11.    Corten, C. C.; Urban, M. W. Adv. Mater. 2009, 21, 5011. 
12.    Liu, F.; Urban, M. W. Macromolecules 2009, 42, 2161. 
13.    TSR is the temperature of stimuli-responsive transition, Tbinary is the temperature of 
stimuli-responsive homopolymer in a binary polymer-water equilibrium, w1 and w2 
are weight fractions of each component of the copolymer and (w2=1- w1), and T is 
the film formation temperature. 
14.    Lestage, D.; Urban, M. W. Langmuir 2005, 21, 2150. 
176 
 
15.    Urban, M. W. Attenuated Total Reflectance Spectroscopy of Polymers. Theory and 
Practice: Washington, D.C, 1989. 
16.    Koenig, J. L. Spectroscopy of Polymers; American Chemical Society: Washington, 
DC, 1992. 
17.    Sanmathi, C. S.; Prasannakumar, S.; Sherigara, S. Bull. Mater. Sci. 2004, 27, 243. 
18.    Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. G. The Handbook of 
Infrered and Raman Characteristic Frequencies of Organic Molecules. Acadenic 
Press: San Diego, 1991. 
19.    Pretsch, E.; Buhlmann, P.; Affolter, C. Structure Determination of Organic 
Compound: Tables of Spectral Data. 3rd ed.; Springer: New York, 2000. 
20.    Scocrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and 
Charts. 3rd ed.; John Wiely and Sons Ltd: New York, 2001. 
21.    Gan, L. H.; Gan, Y. Y.; Deen, R. Macromolecules 2000, 33, 7893. 
22.    Chang, L.; Kong, X.; Wang, F.; Wang, L.; Shen, J. Thin Solid Films 2008, 516, 
2125. 
23.    Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and 
Charts. 3rd ed.; John Wiely and Sons Ltd: New York, 2001. 
24.    Liu, F.; Urban, M. W. Macromolecules 2008, 41, 352. 
25.    Liu, F.; Urban, M. W. Macromolecules 2008, 41, 6531. 
26.    Hadj-Hamou, A. S.; Djadoun, S. J. Appl. Polym. Sci. 2007, 103, 1011. 
27.    Percot, A.; Zhu, X. X.; Lafleur, M. J. Polym. Sci., Part B: Polym. Phys. 2000, 38, 
907. 
28.    Maeda, Y.; Nakamura, T.; Ikeda, I. Macromolecules 2002, 35, 217. 
177 
 
CHAPTER VII 
GLASS (Tg) AND STIMULI-RESPONSIVE (TSR) TRANSITIONS IN            
RANDOM COPOLYMERS 
Introduction 
While the design and synthesis of stimuli-responsive polymeric materials to 
achieve orchestrated and orderly responsive networks continue to be a challenge,
1-6
 
limited efforts have been made to understand physico-chemical aspects of stimuli-
responsiveness, in particular, solid networks. As pointed out earlier,
7, 8
 polymeric 
solutions, surfaces and interfaces, and to a certain degree polymer gels, facilitate 
energetically and spatially favorable environments for stimuli-responsiveness. The main 
challenge is, however, to design solid polymer networks that sustain their useful 
functionalities while being stimuli-responsive.
7, 8
  
Since spatial and energetic network attributes are influenced by chemical and 
morphological network features, recent studies
9-11
 have shown that the presence of 
localized “voids” is one of the pre-requisites for segmental rearrangements, which is 
facilitated by the presence of a low glass transition (Tg) copolymerized component. 
Following this concept, poly(N-(DL)-(1-hydroxymethyl) propyl methacrylamide/n-butyl 
acrylate) (p(DL-HMPMA/nBA))
11
 and poly(2-(N,N′-dimethylamino)ethyl methacrylate 
/n-butyl acrylate) (p(DMAEMA/nBA))
10
 copolymer films with thermal-sensitive 
attributes were prepared, whereby by the presence of temperature-responsive DL-
HMPMA and DMAEMA units result in dimensional changes above and below stimuli-
responsive transitions (TSR).
9
 These endothermic relaxations occur above the Tg, whereas 
the low Tg nBA provids free volume for spatial rearrangements. Since at Tg, the kinetic 
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energy of the segmental motions results from the access of free volumes above the Tg,
12-
14
 the TSR transitions were related to the compositional changes.  
These studies will elucidate the origin of TSR transitions and their relationship to 
the Tg, free volume, and dimensional changes in stimuli-responsive solid films of poly(N-
acryloyl-N′-propylpiperazine/2-ethoxyethyl methacrylate) (p(AcrNPP/ EEMA)), poly(N-
vinylcaprolactam/n-butyl acrylate) (p(VCl/nBA)), poly(N-isopropylmethacrylamide/n- 
butyl acrylate) (p(NIPMAm/nBA)), and poly(2-(N,N′-dimethylamino) ethyl 
methacrylate/n-butyl acrylate) (p(DMAEMA/nBA)). For the purpose of these studies, 
these colloidal particles were synthesized and coalesced to form uniform films, in which 
volume changes were induced by temperature. 
Experimental Section 
 N acryloyl-N΄-propylpiperazine (AcrNPP) (99 %) was purchased from Eastern 
Systems, Inc. Hexadecyltrimethylammonium chloride (HTAc) solution (25 wt% in H2O) 
was purchased from Fluka Chemical Co. N-vinylcaprolactam (VCl) (98 %) and 2-(N,N΄-
dimethylamino)ethyl methacrylate (DMAEMA) (97 %) were purchased from Polyscience 
Inc. 2, 2΄-Azobisisobutyronitile (AIBN) (98 %), potassium persulfate (KPS) (99 %), 2-
ethoxyethyl methacrylate (EEMA) (99 %), n-butyl acrylate (nBA) (99 %) and N-
isopropylmethacrylamide (NIPMAm) (97 %) were purchased from Aldrich Chemical Co. 
 P(AcrNPP/EEMA), p(VCl/nBA), and p(DMAEMA/nBA) copolymers were 
synthesized using the semicontinuous emulsion polymerization process outlined 
elsewhere
15
 which was adapted for a small scale polymerization. The reaction flask was 
immersed in a water bath preheated to 75 °C and purged continuously with N2 gas. The 
reactor was first charged with 27 mL of double dionized (DDI) water, and after purging 
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N2 for 30 min, the content was stirred at 350 rpm. At this point, pre-emulsion (DDI, 25 
mL; HTAc, 0.62 g; weight-rationed monomers, 5.6 g; and oil-soluble initiator AIBN, 0.1 
g) was fed at 0.156 mL/min into the vessel over a period of 3 h. After completion of pre-
emulsion feeding, the reaction was continued for extra 3 h. The resulting colloidal 
dispersion was filtered after cooling to ambient temperature. For p(NIPMAm/nBA), 54 
mL of DDI and 0.62 g HTAc surfactant solution were first transferred into a 100 L 
reaction flask which equipped with a reflux condenser in a 75C water bath under the N2 
atmosphere and stirred at 350 rpm for 30 min. At this point, 5.6 g NIPMAm/nBA 
monomers were added to prepare the pre-emulsion. Then 10.1 mL of a 3.6×10
-2
 M 
solution of KPS and DI H2O was fed into the reaction kettle for 3 h, followed by further 
reaction for additional 3 h and subsequent cooling to room temperature. The pH values of 
these resulting original colloidal dispersions are approximately 8.5 determined by 
potentiometric titration.  
 Molecular weight was determined using gel permeation chromatography (Waters, 
Inc.) equipped with a 515 HPLC pump and a 2414 model refractive index detector. Each 
sample was precipitated in tetrahydrofuran (THF) and eluted through a 5 µm MIXED-C 
column. Elution times were referenced against polystyrene standards, and molecular 
weights of the copolymers were within 1.33-2.15×10
5
 g/mol. 
 Polymeric films were prepared by casting colloidal dispersions onto a poly 
(tetrafluoroethylene) (PTFE) substrate and allowed to coalescence at 45% relative 
humidity (RH) for 72 h at 22 °C in an environmental chamber. In a typical experiment, 
approximately 200 µm thick films were obtained and 15×10 mm sections were used for 
dimensional change experiments. Each specimen was equilibrated for 4 h at a given 
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temperature before measuring the dimensional changes using a micrometer (Mitutoyo 
Co.) with a precision of ±0.1 µm.  
 Differential scanning calorimetry (DSC) measurements were performed on a TA 
Instruments DSC Q 100 under a N2 atmosphere. Multiple DSC thermal cycles were 
conducted using the following heating-cooling schedule: the specimen was equilibrated at 
-50 °C for 5 min, followed by heating at 3 °C/min to 70 °C, equilibrating at 70 °C for 5 
min, and cooling down at 3 °C/min to -50 °C. The same cycle was repeated several times. 
The resulting data were analyzed using TA Universal Analysis software. 
 Microscopic attenuated total reflectance Fourier transform infrared (ATR FT-IR) 
spectra were collected on a Bio-Rad FTS-6000 FT-IR single-beam spectrometer set at 4 
cm
-1
 resolution equipped with a deuterated triglycine sulfate (DTGS) detector. A 2 mm 
Ge crystal with a 45° face angle maintaining constant contact pressure between the 
crystal and the specimens was used. Each spectrum was collected on the film interface 
with attached heating elements and represented 100 co-added scans ratioed to 100 scans 
collected on an empty ATR cell. All spectra were corrected for spectral distortions by Q-
ATR software using the Urban-Huang algorithm.
16
  
 Raman spectra were obtained using a Renishaw inVia Raman microscope 
equipped with a computer controlled three-axis encoded (X, Y, Z) motorized stage, a 
RenCam CCD detector, and a Leica microscope (DMLM series). The 785 nm diode laser 
provided an excitation source with a maximum power output of 300 mW. The films were 
placed on the gold surface and each Raman spectrum was collected at a 100 mW laser 
power and an acquisition time of 45 sec.  
181 
 
Solid state 
13
C NMR spectra were acquired using a UNITY INOVA 400 
spectrometer equipped with a Chemagnetics 7.5mm 2-channel solids probe. The samples 
were spun at a rate of 4.0 kHz. The 
1
H 90° pulse duration was 5.5 µs and the acquisition 
time was 45 ms. A proton decoupling field strength of 52 kHz was used to remove 
13
C-
1
H 
dipolar broadening. The free induction decays (FIDs) were zero-filled to 32 K data points, 
and Lorentzian and Gaussian apodization applied prior to Fourier transformation. 
Quantum mechanical semi-empirical calculations were conducted using Material 
Studio software (Accelrys Inc., Version 4.1). Computer modeling simulations were 
performed with the COMPASS force field conditions. In the first step, we created infinite 
random polymer long chains using 3D periodic boundary conditions. In an effort to 
determine thermodynamic responses of polymer segments, a periodic unit cell containing 
5 polymer chains was constructed and temperature was the control parameter to simulate 
the heat exchange with the environment. This method involves computing NVT (constant 
number, volume, and temperature) molecular dynamics at a set temperature using 25000 
steps and 25 picosecond (ps) (dynamic times), followed by another NPT (constant 
number, pressure, and temperature) molecular dynamics with 50000 steps and dynamic 
times 50 ps, then NVE (constant number, volume, and energy) molecular dynamics with 
100000 steps and 100 ps. The purpose of this 3-step process is to simulate energy, 
volume, and conformational changes at different temperatures. 
Results and Discussion 
While Appendix B provide detailed chemical structural characterization and 
compositional analysis of p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA), and 
p(DMAEMA/nBA) copolymers after copolymerization, Figure 7.1, A, B, C, and D 
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illustrates a series of the DSC thermograms as a function of copolymer composition of 
these copolymer films, respectively. As seen, two composition-dependent endothermic 
transitions Tg and TSR, are detected, which shift to higher temperatures as the w/w 
fraction of the stimuli-responsive component increases. As anticipated, the energy 
required for the TSR transitions to occur increases proportionally to the amount of stimuli-
responsive components incorporated into the copolymer backbone. Also, the TSR for 
p(DMAEMA/nBA) is significantly above the Tg compared to p(AcrNPP/EEMA), 
p(VCl/nBA), and p(NIPMAm/nBA) copolymers, indicating greater free volume and 
enhanced chain mobility available for DMAEMA/nBA network rearrangements. The 
DSC thermograms also show that, while the Tg transition appears as an expected change 
of thermal conductivity, the TSR transition is an endothermic peak, which upon 
completion retains the same heat conductivity. 
In order to determine which molecular entities are responsible for the TSR 
endotherm, ATR FT-IR, Raman, and 
13
C NMR measurements were performed as a 
function of temperature. While spectroscopic results are provided in the Appendix B, 
Figure 7.2, A, B, C, and D illustrates integrated areas of the selected NMR resonances 
and IR bands plotted as a function of temperature. As seen, all curves decrease gradually 
as the temperature increases, with the middle point transitions at 30, 30, 35, and 32 °C for 
p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA), and p(DMAEMA/nBA), 
respectively. These data are in good agreement with the TSR transition minimum detected 
in the DSC measurements shown in Figure 7.1. Analysis of the spectroscopic data 
indicate that, in addition to the C-H stretching vibrations due to backbone/side groups, 
amide and propylpiperazine functional groups of AcrNPP, amide and lactam ring 
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vibrations of VCl, isopropyl and amide linkages of NIPMAm as well as dimethylamino 
ethyl functional groups of DMAEMA are also sensitive to the TSR transitions in each 
copolymer.  
 In an effort to indentify molecular changes responsible for the TSR transitions, 
thermodynamic computer simulations were performed, in which infinite copolymer 
chains were constructed by randomly connecting energy minimized monomer units under 
3D periodic boundary conditions. While the Experimental Section provide computational 
details, visualization of the results are illustrated in Figure 7.3, A, B, C, and D. As seen, 
when going from 25 to 45 °C, the copolymer backbones buckle up and the stimuli-
responsive components collapse at 45 °C (above TSR), which is caused by conformational 
changes.
10
 The calculated total energies (ΔEtot) for the TSR transition of 
p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA) and p(DMAEMA/nBA) are 132, 127, 
176 and 223 kcal/mol, respectively, whereas the endothermic transition energy (enthalpy) 
detected in DSC are 93, 90, 145 and 189 kcal/mol. While the observed trends are in 
agreement with the energy values obtained from the theoretical measurements, an 
approximately 40 kcal/mol difference is attributed to the entropic component 
incorperated in the ΔEtot calculations. The above analysis indicate that molecular 
rearrangements at the TSR result in the collapse of stimuli-responsive side chains and 
buckling of the backbone, which is also reflected in dimensional changes
10, 11
 leading to 
the volume shrinkage.
10, 11
  
 In order to relate the TSR with polymer chain mobility, free volume, the Tg, and 
dimensional changes, log (V1/V2) was plotted as a function of (TSR-Tg). The results are 
illustrated in Figure 7.4, A, B, C, and D for p(AcrNPP/EEMA), p(VCl/nBA), 
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p(NIPMAm/nBA), and p(DMAEMA/nBA), respectively, where the solid cubic (■) points 
represent the DSC experimental data points plotted for different compositions, and the 
solid lines represent the best fitting curves. As seen, the greater total volume changes are 
detected for copolymer compositions with a higher content of stimuli-responsive 
components (smaller TSR-Tg values). As the TSR-Tg value increases (a less stimuli-
responsive component is incorporated into a copolymer backbone), the changes of total 
volume decrease non-linearly. Compared to other copolymers, p(DMAEMA/nBA) 
copolymer (Figure 7.4, D) exhibits the greater total volume changes for each composition, 
which is attributed to the higher free volume and, thus enhanced chain mobility as the TSR 
is further away from the Tg for all p(DMAEMA/nBA) copolymer compositions. It should 
be noted that the DSC experimental points are discrete with the best logarithmic 
hyperbolic curve fitting (the red curves).  
The empirical relationship predicting the total volume changes as a function of the 
(TSR-Tg) for different copolymer compositions with the calculated P1 and P2 values for 
each copolymer (assuming that the contributions of free volume to total volume changes 
above Tg are neglectable
17
) can be expressed as: 
      (Eq 7.1) 
where: V1 is the copolymer total volume below TSR, V2 is the copolymer total volume 
above TSR, TSR is the stimuli-responsive transition temperature, and Tg is the glass 
transition temperature of the copolymer. The calculated P1 values correspond to the 
fraction of the free volume (ƒfree) at Tg
18
 and based on the free volume theory,
17, 19-21
 the 
reported ƒfree values for various polymers are in the 0.013-0.113 range. The calculated P1 
P1×(TSR-Tg)
P2 + (TSR-Tg)
log 
V1
V2
=
P1×(TSR-Tg)
P2 + (TSR-Tg)
log 
ρb
ρa
=
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values for p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA), and p(DMAEMA/nBA) 
are 0.032, 0.042, 0.053, and 0.016, respectively. It is therefore reasonable to assume that 
P1≈ƒfree. On the other hand, the calculated P2 values can be approximated to the 
temperature difference between the Tgmidpoint and TSR ((Tgmidpoint-TSR)50/50) for random 
copolymer with a 50/50 ratio. As the copolymer networks shrink at the TSR, the 
copolymer density will change (M=ρ×V, where M is the total mass, ρ is the density, and 
V is the total volume.). Upon substitution, Eq 7.1 will become: 
   
(Eq 7.2) 
where: ρa and ρb are the copolymer densities below and above the TSR. Using Eq 7.2, one 
can predict the density changes as a function of (TSR-Tg) for different copolymer 
compositions. For example, the relative density ratios below and above the TSR are 
ρb/ρa=1.23, 1.28, 1.38, 1.42 for p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA) and 
p(DMAEMA/nBA) (50/50 ratio). These predictions are in good agreement with the 
experimental macroscopic changes (V1/V2) at TSR, which are 1.2, 1.27, 1.34, 1.41, 
respectively. 
 It should be noted that the calculated P1 and P2 values for these copolymers are 
not universal constants, but to justify their validity and physical significance compared to 
other copolymer systems, P1 and P2 values for a 50/50 copolymer composition were 
chosen, and plotted as a function of the (TSR-Tg). The results are illustrated in Figure 7.5, 
A and B, respectively, and illustrated that the P1 values of p(AcrNPP/EEMA), 
p(VCl/nBA), and p(NIPMAm/nBA) are located in the 0.032-0.055 window, whereas the 
P1 value of p(DMAEMA/nBA) is at 0.016. The same features are observed for the P2 
P1×(TSR-Tg)
P2 + (TSR-Tg)
log 
ρb
ρa
=
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values, where p(AcrNPP/EEMA), p(VCl/nBA), and p(NIPMAm/nBA) exhibit P2 values 
fall in the -15 – -9 window, and the P2 value for p(DMAEMA/nBA) is -45. This analysis 
indicates that P1 and P2 are not universal constants, and moreover, their magnitude 
depends upon the free volume available for chain mobility. For example, as we recall the 
DSC data shown in Figure 7.1, D for p(DMAEMA/nBA) copolymer, the TSR is 
significantly above the Tg compared to other copolymers, thus exhibiting greater free 
volume and increased chain mobility. It has been reported
22-25
 that the C1 and C2 
constants in WLF equation also vary significantly for the varies homo and copolymers. 
However, the P1 and P2 in Eq 7.1 fall into two ranges depending upon the TSR-Tg 
difference. For the random copolymers, where TSR-Tg<25, the average P1 and P2 values 
are ~0.045 and -12, whereas, for TSR-Tg>50 (such as p(DMAEMA/nBA)), the P1 and P2 
are ~0.016 and -45. 
To visualize the relationship between the volume and temperature changes and 
assuming that the total volume (Vtotal) of a copolymer is the sum of the free volume (Vfree) 
and the volume occupied by polymer chains (Voccupy), Figure 7.6, A and B was 
constructed and illustrates the temperature dependence of the Vtotal, Vfree, and Voccupy for 
TSR>Tg and TSR>>Tg. As seen, below the Tg, the Vfree remains almost constant, which 
significantly limits molecular mobility, thus allowing only small-scale localized side 
groups vibrations/rotations. At T>Tg, the Vfree increases faster, thus mobilizing long-
range segmental motions, and at TSR, buckling of a copolymer backbone as well as the 
collapse of stimuli-responsive components occur. As a result, the Vtotal will decrease, at 
the expense of Voccupy and/or Vfree. This process, however, will compete with the Vfree 
increase at above Tg. This is specially pronounced when TSR>>Tg for p(DMAEMA/nBA) 
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copolymers shown in Figure 7.6, B. As seen, compared to the TSR>Tg (Figure 7.6, A), the 
Vfree significantly increases, activating long range molecular motions, and providing 
sufficient space for rearrangements and mobility of chains. As a result, conformation 
changes and shrinking at the TSR occur, leading to larger Vtotal decrease. Corresponding 
larger density changes are also anticipated, as predicted by Eq 7.2. The co-existence of 
these competing processes is also reflected in thermally induced molecular interactions 
manifested as an exothermic transition immediately before the TSR, which was illustrated 
in the DSC measurements in Figure 7.1, D. As the copolymer temperature increases 
above the TSR, the Vfree and the polymer chain mobility are further enhanced, ultimately 
leading to the melt and flow of the entire polymer.  
 Since the Tg and TSR are composition-dependent, let us go back to Eq 7.1 and 
compare it with the WLF equation.
19
 While the later examines thermally dependent 
viscosity changes
19, 26
 in polymer liquid/melts, Eq 7.1 relates molecular relaxations and 
Vtotal changes when TSR transitions are present. Also, the WLF equation is applicable for 
linear polymers within Tg – Tg+100 temperature range, whereas the Eq 7.1 can be utilized 
for stimuli-responsive random or alternative copolymers within the TSR-Tg range. Since 
Tg and TSR related η and V, respectively, Figure 7.7 was constructed in an effort to 
theoretically compare both relationships. As seen, Curve A represents the log(V1/V2) 
changes as a function of TSR-Tg, whereas Curve B relates log(ηT/ηTg) and T-Tg. When the 
temperature difference (TSR-Tg and T-Tg) increase, both curves exhibit parallel declining 
trends, although, as anticipated, their magnitude are quite different. 
Finally, to compare the total volume changes as a function of temperature for non-
responsive (Vtotal NR) and stimuli-responsive (Vtotal SR) polymers, Figure 7.8 was 
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constructed, in which the Vtotal NR (blue dash line) continue to increase gradually, 
followed by an upward change above the Tg. For stimuli-responsive polymers (red line), 
the Vtotal SR decreases at the TSR due to the collapse of stimuli-responsive components and 
backbone buckling, followed by a further increase at the same rate (slope) due to 
retention of the heat capacity before and above the TSR transition. The blue area 
corresponds to the Vtotal NR - Vtotal SR, while the green area represents the Vfree required for 
stimuli-responsiveness to occur at TSR. For a given polymer system, the lower Tg will 
provide more free volume at a given temperature, and when TSR<Tg, the TSR transition 
may not be present. For example, when replacing the low Tg component (nBA or EEMA) 
by high Tg MMA, with the Tg p(MMA) of 105 °C,
33
 the diminished Vfree will significantly 
affect copolymer thermal relaxations. This is theoretically illustrated in Figure 7.9, which 
shows that the Tg values of high Tg containing copolymer will be above the TSR line for 
all compositions (Figure 7.9, A, B, and C), or only a small composition range is available 
for the TSR transitions (Figure 7.9, D). However, for low Tg (nBA or EEMA) copolymers, 
the Tg values will be significantly lower, which consequently will intersect with the TSR 
line (Figure 7.9, A, B, and C) or will even be below (Figure 7.9, D). As a result, 
significant composition variations (shaded area) are available for the TSR to occur. Thus, 
regardless of the composition, the primary requirement to achieving the TSR transitions in 
solid networks is that TSR>Tg. 
Conclusions 
 Stimuli-responsive p(AcrNPP/EEMA), p(VCl/nBA), p(NIPMAm/nBA), and 
p(DMAEMA/nBA) solid networks were prepared which exhibit two composition-
dependent endothermic transitions, Tg and TSR. Spectroscopic analyses combined with 
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molecular simulations indicated the collapse of stimuli-responsive components and 
buckling of copolymer backbone are responsible for the TSR transitions. Based on the 
experimental results, the empirical relationship log(V1/V2) = (P1×(TSR-Tg))/(P2+(TSR-Tg)) 
was established which can be utilized to predict the total volume changes as a function of 
TSR-Tg for different copolymer compositions. Depending upon available free volume, the 
P1=0.045 and P2=-12 are applicable for the majority of thermal-responsive components, 
whereas low Tg temperature-sensitive components exhibit P1=0.045 and P2=-12. 
Regardless of the solid state composition of the stimuli-responsive network, the designed 
TSR should be above the Tg in order to achieve sufficient free volume and chain mobility 
facilitating chain rearrangements at TSR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 190
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.5 °C
1.1 °C
-5.2 °C
-17.4 °C
-40 -20 0 20 40 60 80
30.1 °C
28.3 °C
27.2 °C
26.0 °C
24.1 °C
Tg TSR
-11.6 °C
H
ea
t F
lo
w
 (W
/g
)
E
xo
th
er
m
ic
AcrNPP:EEMA=1:9
AcrNPP:EEMA=2:8
AcrNPP:EEMA=3:7
AcrNPP:EEMA=4:6
AcrNPP:EEMA=5:5
A
Temperature (.C)
H
ea
t F
lo
w
 (W
/g
)
E
xo
th
er
m
ic
-40 -20 0 20 40 60
Temperature (.C)
-36.4 °C
-27.9 °C
-16.2 °C
1.5 °C
15.6 °C
24.2 °C
25.5 °C
26.8 °C
28.1 °C
29.4 °C
H
ea
t F
lo
w
 (W
/g
)
E
xo
th
er
m
ic VCl:nBA=1:9
VCl:nBA=2:8
VCl:nBA=3:7
VCl:nBA=4:6
VCl:nBA=5:5
Tg TSRB
H
ea
t F
lo
w
 (W
/g
)
E
xo
th
er
m
ic
-40 -20 0 20 40 60
Temperature (.C)
35.3 °C
32.5 °C
30.1 °C
28.7 °C
26.4 °C
15.9 °C
2.7 °C
-11.6 °C
-23.2 °C
-35.6 °C
H
ea
t F
lo
w
 (W
/g
)
E
xo
th
er
m
ic
NIPMAM:nBA=1:9
NIPMAM:nBA=2:8
NIPMAM:nBA=3:7
NIPMAM:nBA=4:6
NIPMAM:nBA=5:5
Tg TSRC
H
ea
t F
lo
w
 (W
/g
)
E
xo
th
er
m
ic
 191
 
 
 
 
 
 
 
 
Figure 7.1. Series DSC thermograms of: A-p(AcrNPP/EEMA), B-p(VCl/nBA), C-
p(NIPMAm/nBA), and D-p(DMAEMA/nBA) recorded as a function of copolymer 
composition. 
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Figure 7.2. Integrated area of NMR (■) resonance and IR (Δ) bands of: A-
p(AcrNPP/EEMA), with NMR resonance of –CH3 in propyl group of AcrNPP at 12.4 
ppm, and IR band of –C=O amide I of AcrNPP at 1642 cm-1; B-p(VCl/nBA), with NMR 
resonance of –CH2 in lactam ring of VCl at 39.6 ppm, and IR band of –C=O lactam 
amide I of VCl at 1638 cm
-1
; C-p(NIPMAm/nBA), with NMR resonance of –(CH3)2 in 
isopropyl group of NIPMAm at 19.0 ppm, and IR band of –C=O amide I of NIPMAm at 
1635 cm
-1
; and D-p(DMAEMA/nBA), with NMR resonance of –N(CH3)2 
(dimethyl)amino of DMAEMA at 57.4 ppm, and IR band of –C-N stretch of DMAEMA 
at 1566 cm
-1
 plotted as a function of temperature. 
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Figure 7.3. Results of computer simulations representing molecular conformation 
changes at 25 °C (a) and 45 °C (b) of copolymers: A-p(AcrNPP/EEMA), B-p(VCl/nBA), 
C-p(NIPMAm/nBA), and D-p(DMAEMA/nBA). 
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Figure 7.4. Curve fitting of the experimental TSR values obtained from DSC 
measurements using Eq.1: A-p(AcrNPP/EEMA), B-p(VCl/nBA), C-p(NIPMAm/nBA), 
and D-p(DMAEMA/nBA). 
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Figure 7.5. P1 (A) and P2 (B) values plotted as a function of (TSR-Tg) for copolymers with 
50/50 composition. 
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Figure 7.6. Schematic representation of the volume changes as a function of temperature 
for TSR>Tg (A) and TSR>>Tg (B). 
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Figure 7.7. log(V1/V2) (A) and log(ηT/ηTg) (B) plotted as a function of TSR-Tg and T-Tg. 
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Figure 7.8. Schematic representation of the volume changes as a function of temperature 
for non-responsive and stimuli-responsive polymers. 
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Figure 7.9. Tg and TSR values plotted as a function of copolymer composition for: 
AcrNPP (A), VCl (B), NIPMAm (C), and DMAEMA (D). 
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CHAPTER VIII 
CONCLUDING REMARKS 
Although “smart” polymers have been known for more than four decades, only 
recently design and synthesis of stimuli-responsive systems with controllable properties 
have been tackled and will continue to be of significant challenge. While significant 
progress has been made in the synthesis well-defined macromolecular blocks with 
stimuli-responsive characteristics, understanding physico-chemical aspects of these 
systems remains to be a challenge.  
As pointed out in Chapter I, dimensional changes as well as responsive behaviors 
in solid networks impose significant spatial and energetic limitations. In an effort to 
overcome these obstacles, design polymer systems which combine in an orchestrated 
fashion of low Tg and multi-stimuli-responsive components into one copolymer backbone 
will be essential. Following this concept, p(DL-HMPMA/nBA), p(DMAEMA/nBA), and 
p(AcrNPP/EEMA) colloidal particles were synthesized, which allowed to coalesce to 
obtain uniform solid films. As described in Chapters II, III, and IV, multi stimuli-
responsiveness is also retained in the coalesced films, which is facilitated by the low Tg 
components that provide sufficient free volume for spatial rearrangements. One 
interesting properties of these films is the orchestrated 3D directional responsiveness 
upon external stimuli, which is attributed to the collapse and conformational changes of 
stimuli-responsive components as well as buckling of polymer backbone. 
Due to the presence of temperature-responsive components, unique thermal 
relaxation behaviors are observed in these stimuli-responsive solid films. Besides Tg, a 
new endothermic composition-dependent TSR transition was detected. Base on 
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experimental results, the following empirical relationship was established: 1/TSR = 
w1/Tbinary + w2/T, which allow us to predict TSR transitions in random stimuli-responsive 
solid copolymers. This has been well described in Chapter V. Further studies in Chapter 
VI indicate the TSR transitions are also affected by pH changes which inducing hydrogen-
bonding and shift the TSR transition minimum to higher temperatures. As spatial 
requirement is essential in TSR transition, the relationship between the chain mobility, 
free volume, Tg, TSR, and total volume changes was elucidated in Chapter VII. The 
empirical relationship: log(V1/V2) = (P1×(TSR-Tg))/(P2+(TSR-Tg)) is established, which 
can be utilized to predict the volume changes as a function of TSR-Tg for different 
copolymer compositions in stimuli-responsive solid networks. 
As new developments in polymer synthetic chemistry progress, the design of 
chemical structures which provide different mutual response will be essential. 
Reversibility and fast responsiveness are particularly important in solid networks. The 
incorporation of low Tg monomers with stimuli-responsive components provides 
opportunities to achieve orchestrated multi-responsiveness in solid network, which may 
open new avenues in development of solid networks with desirable responsive properties.  
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APPENDIX A 
SUPPORTING INFORMATION FOR CHAPTER IV 
Copolymer Composition 
In order to determine copolymer composition resulting from DMAEMA, nBA, 
and DMAAZOAm monomer copolymerization 
1
H NMR analysis was performed. Figure 
A.A.1, Traces A, B and C illustrate 
1
H NMR spectra of p(DMAEMA/nBA) copolymer, 
DMAAZOAm monomer, and p(DMAEMA/nBA/DMAAZOAm) copolymer, 
respectively. As seen in Traces A and C, typical resonances at 0.85 (-CH2-CH3) and 3.8-
4.2 (-O-CH2) ppm arising from copolymerization of nBA units
1
 are detected, whereas the 
peaks at 1.2 (-C-CH3), 2.6 (-CH2-N), 2.7 (-N-(CH3)2)) and 3.8-4.2 (-O-CH2) ppm are due 
to DMAEMA units.
1, 2
 In Trace B, the resonances at 5.43 and 5.82 ppm represent C=C 
double bonds of DMAAZOAm monomer which are absent in 
p(DMAEMA/nBA/DMAAZOAm) copolymer (Trace C), indicating that 
copolymerization has occurred. Furthermore, resonances at 8.0 and 6.85 ppm (phenyl 
protons) as well as 3.0 ppm (ph-N(CH3)2) due to the DMAAZOAM units
3
 are also 
observed in Trace, C, again demonstrating that DMAAZOAm monomer was 
copolymerized with DMAEMA and nBA during free radical semicontinuous 
copolymerization. The copolymer composition was determined by measuring intensity of 
the relevant 
1
H NMR bands and was as follows: 
DMAEMA/nBA/DMAAZOAm=53/46.9/0.1, which is in good agreement with the 
experimental monomer feed ratio of 51.0/48.8/0.12.  
 
 
208 
 
Solution Properties 
In an effort to establish pH responsiveness of p(DMAEMA/nBA/DMAAZOAm) 
colloidal particles in aqueous solutions, particle size of p(DMAEMA/nBA/DMAAZOAm) 
was analyzed as a function of pH. For comparison, colloidal particles of 
p(DMAEMA/nBA) and p(MMA/nBA/DMAAZOAm) were also analyzed under the same 
experimental conditions. Curves a, b, and c of Figure A.A.2, A illustrate that, as pH 
decreases from 10 to 1, the particle size of p(MMA/nBA/DMAAZOAm), 
p(DMAEMA/nBA/DMAAZOAm) and p(DMAEMA/nBA) increase from 123 to 133, 
130 to 209, and 148 to 214 nm, respectively. Significant particle size changes detected 
for p(DMAEMA/nBA/DMAAZOAm) and p(DMAEMA/nBA) are attributed to the 
protonation of the DMAEMA component, whereas relatively smaller particle size 
increase of p(MMA/nBA/DMAAZOAm) result from the protonation of azo or phenyl 
amino groups of DMAAZOAm. Compared to p(DMAEMA/nBA), protonation of 
DMAAZOAm is responsible for further p(DMAEMA/nBA/DMAAZOAm) particle size 
increase at pH≤3. Also, pH changes result in reversible color changes which are 
illustrated in Figure A.A.2, B. For both p(DMAEMA/nBA/DMAAZOAm) and 
p(MMA/nBA/DMAAZOAm), colors changes are reversible for the pH values oscillating 
between acidic to basic conditions. 
Figure A.A.3 illustrates thermal responsiveness of 
p(DMAEMA/nBA/DMAAZOAm) and p(DMAEMA/nBA) copolymer colloidal particles 
as a function of temperature at pH=8. As shown in Curves a and b, as temperature 
increases from 25 to 50 °C, particle sizes of p(DMAEMA/nBA/DMAAZOAm) and 
p(DMAEMA/nBA) decrease from 130 to 66, and 148 to 80 nm, respectively. Visual 
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illustrations of the particle size changes is shown on the enclosed photographs a' and a", 
and b' and b" of Figure A.A.3, for p(DMAEMA/nBA/DMAZOAm) and 
p(DMAEMA/nBA), respectively, where clear and turbidity/translucent dispersions are 
observed upon reversible cooling and heating cycles. It should be noted that the particle 
size of p(DMAEMA/nBA/DMAAZOAm) and p(DMAEMA/nBA) decreases gradually 
over the 27-37 °C range with the stimuli-responsive transition (TSR) ~ 32 °C and the 
incorporation of hydrophobic DMAAZOAm does not affect the TSR,
4-6
 which is attributed 
to relatively small amounts (~0.1 molar%) of DMAAZOAm incorporated into copolymer. 
To determine photo-responsiveness of colloidal dispersions, particle size of 
p(DMAEMA/nBA/DMAAZOAm) was measured as a function of UV irradiation time. 
As seen in Figure A.A.4, A, upon 302 nm irradiation for 180 min, the particle size of 
p(DMAEMA/nBA/DMAAZOAm) increases from 130 to 144 nm. This phenomenon is 
attributed to trans→cis conformational changes of DMAAZOAm groups, whereby more 
polar
7
 cis isomer exhibits higher hydrophilicity, thus resulting in the increased particle 
size. Figure A.A.4, B illustrates corresponding UV-Vis spectra, and the decreases of the 
286 nm along with the increase of the 410 nm bands confirm trans→cis photo-
isomerization.  
Solid State Properties 
To determine conformational changes in coalesced filaments upon chemical 
stimuli, UV-Vis and Raman spectra were collected as a function of HCl vapor exposure 
time. As seen in Figure A.A.5, A, Traces a, b, and c, the 286 nm band due to the π-π* 
transitions
3, 7
 of the trans isomer decreases gradually, while the n-π* (cis isomer) 
transition
3, 7
 at 410 nm increases. It should be noted that the shoulder at 535 nm also 
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increases, which is attributed to the enhanced electron-withdrawing effect resulting from 
protonation of DMAAZOAm as well as formation of quinoid structures. Analysis of the 
Raman data leads to the same conclusions, and allowed us to identify conformational and 
structural features responsible for color changes and fluorescence emissions. Figure 
A.A.5, B-I illustrate the Raman spectra of solid filaments at pH=8 as a function of UV 
exposure time. As seen, upon 302 nm irradiation, the band intensities at 1426 (trans 
N=N)
8
 and 1511 (cis N=N)
8
 cm
-1 
changes
 indicating trans→cis conformation changes. 
Furthermore, the bands at 1600, 1397, and 1137 cm
-1
 due to benzene ring and phenyl 
amino groups decrease. These spectroscopic observations confirm trans→cis conversions 
of the DMAAZOAm units.
9
 Upon exposure to 403 nm, Raman spectra of 
p(DMAEMA/nBA/DMAAZOAm) gradually return to their original spectroscopic 
features, manifesting the reversibility of cis→trans isomerization of DMAAZOAm group. 
Figure A.A.5, B-II, Traces b, and c illustrate Raman spectra of 
p(DMAEMA/nBA/DMAAZOAm) at pH= 2 and 1. As seen, the band at 1426 cm
-1
 due to 
trans N=N vibrations
8
 diminishes and, at the same time, the 1511 cis N=N band
8
 
increases, which also supports the trans→cis conformational changes. Significant band 
intensity increases are also observed for 1620 (C=N), 1600 (C=C), 1549 (N-H), 1275 
(ph-Nβ), and 1178 (Nβ-N) cm
-1 
which are attributed to the formation of quinoid structures. 
Moreover, the bands at 1397 (aromatic)
8, 10-12
 and 1137 (Ph-N)
8, 10-12
 cm
-1
 decrease, which 
are attributed to the rotations of benzene rings along the azo bonds of DMAAZOAm as 
well as the formation of resonance quinoid products. Since trans-cis isomerization is 
controlled by the rotation/inversion of the N=N bonds,
13
 protonation of the azo groups 
upon pH changes facilitates local trans-cis conformational changes which are also 
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responsible for reversible color changes. The mechanism illustrated in Figure A.A.5, C 
shows the protonation process of DMAAZOAm component, where H
+
 reacts with the 
central azo functionality. Upon exposure to NH4OH vapors, UV-Vis and Raman spectra 
gradually go back to their original spectra features.  
Figure A.A.6 illustrates a series of ATR FT-IR spectra of 
p(DMAEMA/nBA/DMAAZOAm) copolymer recorded as a function of temperature 
ranging from 25 to 45 °C. As seen, the bands at 2931 (CH2 asym str), 2854 (CH2 sym str), 
and 1566 cm
-1
 (C-N str) decrease significantly with temperature, which is attributed to 
the response of (dimethylamino) ethyl functional groups in DMAEMA. As anticipated, 
these changes result from copolymer chain rearrangements and the collapse of 
DMAEMA units above TSR.
14
 It should be noted that only minor band intensity decreases 
are observed in the C-H stretching region at 2960 (CH3 asym str) and 2873 cm
-1
 (CH3 
sym str) of nBA units as well as amide and aromatic ring stretching bands at 1649 and 
1600 cm
-1
 due to DMAAZOAm, indicating that the main conformational changes above 
TSR occur within the DMAEMA segments. 
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Figure A.A.1. 
1
H NMR spectra of A-p(DMAEMA/nBA); B-DMAAZOAm; and C-
p(DMAEMA/nBA/DMAAZOAm). 
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Figure A.A.2. A-Particle size as a function of pH for p(MMA/nBA/DMAAZOAm) (a); 
p(DMAEMA/nBA/DMAAZOAm) (b); and p(DMAEMA/nBA) (c); B-Photographs of 
p(DMAEMA/nBA/DAMAZOAm) and p(MMA/nBA/DAMAZOAm) colloidal 
dispersions under pH=10-1 conditions. 
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Figure A.A.3. Particle size plotted as a function of temperature of: (a) 
p(DMAEMA/nBA/DMAAZOAm); and (b) p(DMAEMA/nBA) colloidal dispersions.  
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Figure A.A.4. A-Particle size of p(DMAEMA/nBA/DMAAZOAm) plotted as a function 
of 302 nm UV exposure; B-UV-Vis spectra of p(DMAEMA/nBA/DMAAZOAm) 
colloidal dispersions. 
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Figure A.A.5. UV-Vis (A) and Raman (B) spectra of p(DMAEMA/nBA/DMAAZOAm) 
specimens recorded as a function of pH: pH=8-Trace a, pH=2-Trace b, pH=1-Trace c; B-
I, Traces a-e represent Raman spectra of p(DMAEMA/nBA/DMAAZOAm) at pH=8 as a 
function of UV exposure time; B-II, Traces a-0 min; b-30 min; c-60 min; d-120 min; e-
180 min. (C) structural changes of DMAAZOAm as a result of protonation. 
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Figure A.A.6. ATR FT-IR spectra of p(DMAEMA/nBA/DMAAZOAm) copolymer 
recorded as a function of temperature: Trace A-25 °C; B-30 °C; C-35 °C; D-40 °C; E-
45 °C. 
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APPENDIX B 
SUPPORTING INFORMATION FOR CHAPTER VII 
Copolymer Composition 
In an effort to establish chemical makeup resulting from the synthesis of N- 
acryloyl-N′-propylpiperazine (AcrNPP) and 2-ethoxyethyl methacrylate (EEMA) 
monomers, ATR FT-IR analysis was performed. Figure A.B.1, Traces A-E illustrate ATR 
FT-IR spectra of p(AcrNPP/EEMA) copolymers with the following compositions: 
AcrNPP:EEMA=1:9 (trace A), AcrNPP:EEMA=2:8 (trace B), AcrNPP:EEMA=3:7 (trace 
C), AcrNPP:EEMA=4:6 (trace D), and AcrNPP:EEMA=5:5 (trace E). As seen, the 
characteristic bands
1-6
 due to AcrNPP at 2931 (CH2 asym str), 2820-2760 (N-CH2), 1642 
(C=O, amide I), 1445 (C-H def), and 1050-980 (ring skeletal vib) cm
-1
 increase as the wt% 
of AcrNPP increase. The 1730 and 1120 cm
-1
 bands due to C=O ester and C-O-C 
stretching vibrations of EEMA
7, 8
 are also observed for all the compositions, which 
significantly decreases as the copolymer composition changes from AcrNPP:EEMA=1:9 
to AcrNPP:EEMA=5:5. 
 Figure A.B.2, Traces A-E illustrate ATR FT-IR spectra of p(VCl/nBA) 
copolymers with the following compositions: VCl:nBA=1:9 (trace A), VCl:nBA=2:8 
(trace B), VCl:nBA=3:7 (trace C), VCl:nBA=4:6 (trace D), and VCl:nBA=5:5 (trace E). 
As seen, the band due to VCl
4, 6, 9
 at 2931 (CH2 asym str), 2854 (CH2 sym str) cm
-1
 in the 
C-H stretching region as well as the 1638 (C=O, amide I), 1476 (CH2), 1438, 1418 (CH2 
scissor), 1262 (C-N, amide III), and 974 (lactam ring) cm
-1 
increase as the wt% of VCl 
increase. The 1732 C=O and 1165 cm
-1
 due to C=O ester and C-O-C stretching vibrations 
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of nBA
10
 are detected for all the compositions, which gradually decrease going from 
Trace A to E. 
 Figure A.B.3, Traces A-E illustrate ATR FT-IR spectra of p(NIPMAM/nBA) 
copolymers with the following compositions: NIPMAm:nBA=1:9 (trace A), 
NIPMAm:nBA=2:8 (trace B), NIPMAm:nBA=3:7 (trace C), NIPMAm:nBA=4:6 (trace 
D), and NIPMAm:nBA=5:5 (trace E). As seen, the characteristic band due to NIPMAm
4, 
6, 11
 at 3600-3250 (N-H str), 1635 (C=O, amide I), 1528 (N-H, amide II), and 1385, 1369 
(isopropyl) cm
-1 
increase as the amount of NIPMAm increase. The bands of nBA
10
 at 
1732 C=O and 1165 cm
-1
 due to C=O ester and C-O-C stretching vibrations are also 
observed for all compositions. 
 Figure A.B.4, Traces A-E illustrate ATR FT-IR spectra of p(DMAEMA/nBA) 
copolymers with the following compositions: DMAEMA:nBA=1:9 (trace A), 
DMAEMA:nBA=2:8 (trace B), DMAEMA:nBA=3:7 (trace C), DMAEMA:nBA=4:6 
(trace D), and DMAEMA:nBA=5:5 (trace E). As seen, the characteristic bands of 
DMAEMA
12-14
 at 2931 (CH2 asym str) and 2854 (CH2 sym str) cm
-1
 in the C-H 
stretching region as well as the 1566 (C-N str) and 1350-1500 (CH2/CH3 def) cm
-1 
bands 
due to aminoethyl groups increase as the DMAEMA content increases. Although, the 
carbonyl ester and C-O-C stretching bands of nBA and DMAEMA overlap, the 
characteristic broadening and a shift of the band at 1728 and 1161 cm
-1
 confirms the 
copolymerization. 
Temperature Response 
In order to determine which molecular entities are responsible for the TSR 
transitions, ATR FT-IR, Raman, and solid state 
13
C NMR measurements are performed 
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as a function of temperature. The analysis results of p(AcrNPP/EEMA) copolymer films 
are illustrated in Figure A.B.5. As seen in Figure A.B.5-A, the bands at 3000-2840 (C-H 
str), 2820-2760 (＞N-CH2), 1642 (C=O amide I), 1445 (C-H def), 1235 (asym CCN), and 
1050-980 (ring skeletal vib) cm
-1 
decrease significantly faster above 30 °C. The Raman 
analysis results illustrated in Figure A.B.5-B exhibit the same phenomenon, in which the 
bands at 2935 (CH2 asym), 2875 (CH3 sym), 1452 (C-H def), 1291 (C-N ring), 1204 
(CNC sym), and 1050-980 (ring C-C skeletal vib) cm
-1
 decrease at elevated temperature. 
Based on these analyses, the band intensity changes are mainly attributed to the C-H 
vibrations in the backbone/side groups as well as the amide and propylpiperazine 
functional groups of the AcrNPP component. Figure A.B.5-C illustrate a series of 
13
C 
NMR spectra with the characteristic resonances at 15.8 (-OCH2CH3), 20.4 (-C-CH3), 
45.6 (-C-), 55.5 (-COO-CH2), and 67.2 ppm (CH2-O-CH2) of EEMA, as well as at 12.4 
(N-(CH2)2-CH3), 30.8 (-CH2-CH-), 53.7 (N-CH2-CH2), and 67.1 ppm (N-(CH2)4-N) of 
AcrNPP. As anticipated, the copolymer chains will rearrange from the extended to 
collapse states when temperature increase, which will consequently affect the resonance 
intensities. However, the NMR analysis is not as pronounced as IR and Raman 
measurements for p(AcrNPP/EEMA).  
 ATR FT-IR, Raman, and 
13
C NMR spectra of p(VCl/nBA) copolymers are 
summarized in Figure A.B.6, A, B, and C, respectively. As shown in Figure A.B.6-A, 
significant intensity decrease of the 2931 (CH2 asym), 1438 (CH2 scissoring), 1262 (C-N 
amide III), and 974 (lactam ring) cm
-1
 bands are observed as temperature increases. 
Moreover, the C=O amide I linkage at 1638 becomes narrower and shifts to 1645 cm
-1
 
above 30 °C as illustrated in the 1780-1600 cm
-1
 region of the insert a. Figure A.B.6-B 
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illustrates the Raman spectra and the bands at 2936 (CH2 asym), 1446 (C-H def), 1085 
(CH2 sym def), 1030 (C-H ring), 840, 800 (sym CNC), and 696, 674 (lactam N-C=O) cm
-
1
 also decrease as temperature increase. These data indicate that the C-H vibrations in the 
backbone/side groups as well as the amide and lactam ring vibrations of the VCl 
component are responsible for the TSR transitions. To further justify these conclusions 
solid state 
13
C NMR measurements were performed, and the results are illustrated in 
Figure A.B.6-C. As seen, the resonances at 24.5, 31.3, and 39.6 ppm due to lactam ring 
as well as the backbone resonances at 36.5, 41.6, and 41.6 ppm exhibit significant 
decrease at elevated temperatures, which again supports the IR and Raman results.  
 Figure A.B.7-A illustrates ATR FT-IR spectra of p(NIPMAm/nBA) copolymer 
films recorded as a function of temperature. As seen, the bands at 1635 (C=O amide I), 
1528 (N-H amide II), 1460 (CH3 def) and 1385, 1369 (C-H) in the 1850-1280 cm
-1
 region 
decrease as temperature increases. At the same time, the selected –C=O and N-H bands 
shift from 1635 to 1643 and 1528 to 1517 cm
-1
 above 35 °C, which reflect the molecular 
rearrangements in –C=O and N-H functionalities. Upon temperature increase, partial 
inter-molecular H-bonds gradually break down to generate intra-molecular H-bonds, 
which are manifested by the intensity increase of the 1660 cm
-1 
band. The insert a in 
Figure A.B.7-A illustrates the N-H (3458, 3406, 3356) and C-H (3000-2850) stretching 
vibrations in 3720-2800 cm
-1
 region, which again exhibit significant intensity decrease at 
above 35 °C. These results indicate that the C-H vibrations and the amide and isopropyl 
functional groups of NIPMAm are responsible for molecular rearrangements at the TSR 
transition, which is also confirmed in the Raman measurements (Figure A.B.7-B), 
manifested by the intensity decrease of the bands at 2930 (CH2 asym), 1452 (C-H asym 
225 
 
def), 1158, 1129 (C-C), and 847 (CNC str) cm
-1
. Also, the 1379 and 1350 (C-H sym def) 
bands increase indicating that the C-H vibrations of –CH(CH3)2 entities become more 
symmetric at elevated temperatures. Figure A.B.7-C illustrate 
13
C NMR spectra of 
p(NIPMAm/nBA) with characteristic resonances of isopropyl groups at 19.0 and 41.6 
ppm as well as the backbone resonances at 31.0, 40.3, and 45.6 ppm. As temperature 
increases, intensity of these peaks decrease confirming again that the C-H, amide, and 
isopropyl entities are responsible for the TSR transition in p(NIPMAm/nBA). 
Figure A.B.8, A, B, and C illustrate ATR FT-IR, Raman and 
13
C NMR spectra of 
p(DMAEMA/nBA) copolymer films recorded as a function of temperature. As seen, in 
Figure A.B.8-A, the C-H stretching vibrations at 2931 (CH2 asym str), 2854 (CH2 sym str) 
as well as the C-N stretching and C-H deformation bands at 1566, 1466, and 1401, 1382 
cm
-1 
decrease significantly faster above 32 °C. Similar results are observed in the Raman 
measurements with the bands at 2931 (CH2 asym str), 1453 (C-H def), 1405 (sym CH3 
def), 1300 (CH3 rock/CCN str), 843 (CNC str) and 778 (C-N amine) cm
-1
 being weaker at 
elevated temperatures. 
13
C NMR spectra shown in Figure A.B.8-C illustrate that the 
resonances due to dimethylamino ethyl at 53.6, 57.4, 60.0 ppm as well as the backbone 
peaks at 43.7 and 17.2 ppm decrease above 32 °C. The NMR results combined with IR 
and Raman analysis indicate the intensities decrease is mainly attributed to the C-H 
vibration from copolymer backbone/side groups and dimethylamino ethyl functional 
groups of the DMAEMA component.  
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Figure A.B.1. ATR FT-IR spectra of p(AcrNPP/EEMA) recorded as a function of 
copolymer composition: A-AcrNPP:EEMA=1:9; B-AcrNPP:EEMA=2:8; C-
AcrNPP:EEMA=3:7; D-AcrNPP:EEMA=4:6; E-AcrNPP:EEMA=5:5. 
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Figure A.B.2. ATR FT-IR spectra of p(VCl/nBA) recorded as a function of copolymer 
composition: A-VCl:nBA=1:9; B-VCl:nBA=2:8; C-VCl:nBA=3:7; D-VCl:nBA=4:6; E-
VCl:nBA=5:5. 
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Figure A.B.3. ATR FT-IR spectra of p(NIPMAm/nBA) recorded as a function of 
copolymer composition: A-NIPMAm:nBA=1:9; B-NIPMAm:nBA=2:8; C-
NIPMAm:nBA=3:7; D-NIPMAm:nBA=4:6; E-NIPMAm:nBA=5:5. 
 
 
 
  
Wavenumber (cm-1)
NIPMAm:nBA=1:9
NIPMAm:nBA=2:8
NIPMAm:nBA=3:7
NIPMAm:nBA=4:6
NIPMAm:nBA=5:5
3600-3250   
N-H str
1732 
C=O 
ester
A
B
C
D
E
p(NIPMAm/nBA)
1635 C=O 
amide I
1528 N-H 
amide II
1385, 1369 
isopropyl
1165      
C-O-C
229 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.B.4. ATR FT-IR spectra of p(DMAEMA/nBA) recorded as a function of 
copolymer composition: A-DMAEMA:nBA=1:9; B-DMAEMA:nBA=2:8; C-
DMAEMA:nBA=3:7; D-DMAEMA:nBA=4:6; E-DMAEMA:nBA=5:5. 
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Figure A.B.5. ATR FT-IR (A), Raman (B), and solid state 13C NMR (C) spectra of 
p(AcrNPP/EEMA) recorded as a function of temperature; A-25 °C; B-30 °C; C-35 °C; D-
40 °C; E-45 °C. 
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Figure A.B.6. ATR FT-IR (A), Raman (B), and solid state 13C NMR (C) spectra of 
p(VCl/nBA) recorded as a function of temperature; A-25 °C; B-30 °C; C-35 °C; D-40 °C; 
E-45 °C. 
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Figure A.B.7. ATR FT-IR (A), Raman (B), and solid state 13C NMR (C) spectra of 
p(NIPMAm/nBA) recorded as a function of temperature; A-25 °C; B-30 °C; C-35 °C; D-
40 °C; E-45 °C. 
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Figure A.B.8. ATR FT-IR (A), Raman (B), and solid state 13C NMR (C) spectra of 
p(DMAEMA/nBA) recorded as a function of temperature; A-27 °C; B-32 °C; C-35 °C; 
D-40 °C; E-45 °C. 
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